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1.0 INTRODUCTION
This manual discusses the development of the blast damage assessment method used in the

FACEDAP computer program to calculate blast damage to individual structural components, or to an (
entire building, from an external explosive threat. The FACEDAP program is intended to be a tool for
quickly determining the approximate structural damage to conventional buildings and building components
caused by a given external explosive threat (e.g., no gas pressure loads are considered). Non-structural
components, such as windows and doors, am not currently considered by the program. This manual is
intended as a reference to users of the FACEDAP program. Therefore, it is intended to supplement the
FACEDAP User’s Manual”‘, and the FACEDAE Programmer’s MarmaIm. In one form or another. the
basic blast damage assessment methodology incorporated in the FACEDAF’ program has been used in a
number of previous projects”” and in previous computer progran~.@~  over the last five years. However,
its gradual development, and the assumptions upon which it is based, have not been discussed and
ummaked  in a single document. This has been due, in large part, to the incremental development of

ie  current methodology. Therefore. this theory manual is  also intended to provide a summary of the
development of the blast damage cakuktion method currently in the FACEDAP program and to assess
the strong points  and weak points of this methodology for its use as a relatively quick. approximate means
of determining blast damage to conventional buildings and stmctmal building components.

The methodology in the FACEDAP program is based on a graphical procedure which compares
the dynamic response characteristics of structural components (i.e. mass, stiffness  and strength of the
components) to calculated blast load chamcteristics (i.e. peak shock pressme and imp&e) and, based on
the comparison, defioes  four different levels (O%,  30% 60%, and 10096  damage) of blast induced damage.
The dynamic response and blast load chamcteristics are used to &culate two nondhnensional  pammetem
duu define  a point on a graph. known as a pressure-impulse diagmm, which is divided into regions
corresponding  to each of the four damage levels. lltis pro&me  is intended to pm&t  damage without-
the built-in conservatism that is usually present in design pmce&ma Ihe  four damage levels listed above
have been correlated with the levels of pmtection  used by the U.S. Army Corps of Engineers as follows’?
1) the 0% damage level is similar to the High Level of Rote&on; 2) the 30% damage level is similar to
the Medium Level of Protection; 3) the 60% damage level is similar to the Low Level of Protectiom  and
4) the lCO%  damage level is  similar to CoIlapse.

Building vulnerability is based on the calcukd damage level of each component in the building.
The percentage of building damage is calcuhd by “weighting” each calculated component damage level
with a weighting factor, summing the weighted damage of all building components, and then dividing this
sum by the value  corresponding to total faihne  of all building components and converting this ratio to a
percentage. Cascading  faihtre, where failure of a supporting component causes failure of all supported
components, is considered in the summation algorithm. Building repairability and musabii are also
considered in similar summation processes. Fhally, the building level of prom&on  is assumed equal to
the lowest level of protection calcukd for any of the building components. The component damage and
building vulnerability  c&t&ion  pmcedmes  am discussed in more detail in the following chaptets.

Because of assumptions used in the methodology and because of limited vahdatiort,  there ate
several recommended limitadons  on the use of the blast damsge  assessment methodology which is  in the
FACBDAP  program. The FACEDAP program should MI be used for final  &sign or for any case where
high accuracy zi  required. This  caution is necessary because the pmssure-impulse  diagmms, which predict
building component blast damage for the twenty-four different structural components considered in the
methodology, are based on limited data in some cases, and on simple dynamic structural response theory
and a number of assumptions in other cases. Neither the pressure-impulse diagmms, nor the summation
procedure used to get percentage of building damage, have been fully vahdated yet to determine the bounda
on their accuracy. The explosive charge should be at a scaled standoff between 3.0 ft/lbvJ  and 100  ft/lbm
away from the building and located near the grouud  surface so that assumptions used in the 11~thod010~
related to the blast load on each building  component will be applicable.
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Some conservatism can be built into the calculated building damage if conservative strength
properties are input for building components However, the pressure-impulse diagrams ody predict
damage to components during flexural  or buckling mode response and do not consider any damage
due to shear failure. Although the available test data has not shown that conventionally designed
components tend to fail in shear under blast loads that are applied at scaled standoffs greater than 3.0
ft/lb’“,  no thorough study has been made of how this limitation atfects  the FACEDAP program

2.0 HISTORY OF THE DEVELOPMENT OF THE BLAST DAMAGE
ASSESSMENT PROCEDURE USED IN THE FACEDAP PROGRAM

The blast damage assessment procedure in tbe FACEDAP program  is an extension of work
performed by Southwest Research Institute (SwRI)  during a number of previous projects. The
development of this procedure was initiated by SwRI  in 1987 during a project for the Naval Civil
Engineering Laboratory (NCEL)  in Port Hueneme. aifornia~. During this projccr  the b”‘c
two-step procedure discussed above was developed as a hand calculation procedure to determum
building blast damage. Pressure-impulse diagrams which predicted blast damage to twenty-three
different components commonly used in construction were develoPed  based on available test dat&
basic structural dynamics theory, and a number of asstm@ons. Procedures to calculate overall
building damage, based on the summation of calculated damage to all building components, were
also developed. Building damage was chantaerized  in terms of the percentage of building damage,-
a repairability factor, and a buiIding  reusability  percentage. Twelve common buildings,  cons&red
typical of conventional buildings on U.S. Naval bases, were “designed” by SwRI.  and the blast
damage assessment methodology was exercised for given explosive threats to these buildings.
Curves for each common building which related the explosive threat to tbe calculated percent
building damage, repairabiity  factor, and buikling  teusability  factor were plotted These curves
could then be used to quickly assess blast damage to any building  which could be categorized as
similar to one of the twelve common buildings.

FollowingthisinitialdevelopmntdforttheU.S.ArmyCorpofEnginass.OmahaDistrict
funded work that used the basic pro&me  developad  for NCEL. but considered component blast
damageintemisofspe&iccategoriesusedbytheArm~.  ItwasdeterminedthattbeArrny’s
damage categories. or levels of proteetio&  could be equivalent to the existing damage categories
used in the initial development for NCEL. During  the work funded by the Army, the
pressure-imp&e  diagrams used for calculating blast damage to masonry and reinforced concrete
components WQC  modified These  diagrams were largely based on available test data. The same
data used in the  initial  project for NCEL was used again, but this  time data from tests wbem  arching.
or compression membrane response, occmred  was separated from  tests where such response  did
not occur. For some component types, two separate pressure-impulse diagrams were developed
one applicable for components in buildings where arching  could be expected, and one applicable
where no arching was expected. In general, the pressure-imp&  diagrams  for all masonry and
reinforced concrete components were. mod&d  so that they predicted more damage than before. -
afactoroftwoormoretimesasmuchdamageinmauycasea  Apressure-imputsediagramto
predict the blast damage to prestressed  concrete beams and one-way slabs was also developed In
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addition, the pressure-impulse diagrams used to predict blast damage for most steel components
wzu  simplified from the two-step procedure developed for NCEL into a one-step process. The
previous method involved determining both the ductility ratio and the ratio of midspan  deflection
to span length  of a steel component, and then basing the  component damage on the more severe of
these  two ratios compared to given criteria. The simplified procedure bases all calculated damage
on the  ductility ratio. After these modifications were made to the pressure-impulse diagrams, the
two-step procedure to determine building damage parameters developed for NCEL was used to
calculate the level of protection for the  twelve common buildings and also for a thirteenth building
constructed with presnessed  concrete components.

During the effort for the Carp  of Engineers and during a period after this work, NCEL
funded SwRl  to develop a computer program, named BDAMAEXE, which incorporated the blast
damage assessment procedure as it was mod&d  for the Corp of Engineer#r.  Then, engineers at
NCEL incorporated BDAMAEXE into the BDAh4  program, which has a preprocessor and
postprocessor to facilitate user input and o~tputr~.  NCEL also ftmded SwRI  to validate the blast
damage assessment  methodology incorporated into the BDAM cede  against some building blast
damage data from  World War Em.  Unfortunately, very little information was available on the size
of the damaged building components and therefore many assmrtptions  had to be made. The
“validation” of the  code thereforedepended  very heavily on what particularasaumptions  were made;

The most current effort related to the blast damage assessment procedure has resulted in
this theory manual and the  FACEDAP computes program. The FACBDAP compute  program
incorporates the BDAMAEXE program, with modScations  made to the equations from the
pressure-impulse diagrams for steel and wood components described in the next paragraph, in a
user friendly computer program. This program has a more sophisticated preprocessor  and
postprocessor than the BDAM code, which greatly reduces the amount  of user effort required to
input the properties and geometry of each suuctmal  component in a given building and allows more
inspection of calculated component damage levels and calculated blast loads on building
components. The FACEDAP program is discussed in detail in Reference 1.

Several modScations  to the  originally developed pressure-impulse diagrams have also
been made during  this project. These moditications  were made because of observed inconsistencies
inthepressun-impuIscdiagnunsfordiffcrmtcomponenttypes,  wheredamagecaIculatedforwood
and steel components was much less than that for apparently stronger reinforced masonry and
concrete components. Limited data from steel bzms  responding in tensile membrane response
had been broadly assumed applicable for other steel components, such as metal stud walls,
corrugated steel decking. and open web steel joists, during the original development of the
pressure-impulse diagmms  for these componenta. The pressure-impulse diagrams for these steel
components were reformulated during this project baaed on more conservative assumptions which
are discussed in this manual. The pressure-impulse diagrams for wood components have also been
reformulated based on a more conservative interpretation  of the data originally used to develop the
curvea.  The methodology used to calculate blastdamage to frames has also been modified Damage
to open web steel joists has been simplified to the extent that prediction of blast damage due to web
buckling has been eliminated and damage from flexmal response is predicted more conservatively.
Many of the pressure-impulse diagrams developed in the original work for NCEL have been
modified in subsequent work so as to predict more damage than they originally did. These

C“
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modifications, which have been made possible by continuing funding, are based on more careful
analysis of assumptions and the available test data. The development and assumptions used to
develop the current pressure-impulse diagram for each of the twenty-four component types (
considered in the FACEDAR  blast damage assessment procedure are explained in Section 4 of this
manual.

A methodology has also been developed to predict blast damage from internal blast
loading’“. None of this methodology is incorporated into the FACEDAP program, which is only
intended for use in predicting building damage from exterior blast as described above. This
information is included in this section, however, for completeness. The methodology described in
Reference 8 is a two-step procedure to determine damage to a one-room building which is similar
in concept to that described above for externally loaded buildings. However, an approximate energy
balance is used to determine component damage rather than pressure-impulse diagrams. The applied
energy (i.e., the work energy and kinetic energy) is ftrst calculated based on the assumptions that
the blast load from the shock wave in the building is a purely impulsive loading and the blast load
from the quasistatic pressure buildup is an immediately applied load with a long duration compared
to the natural period of the building components. The work energy and kinetic energy terms
calculated with these simplifying assumptions are then modified by reduction factors based on some
single-degree-of-freedom dynamic analyses of typical building components which considered the
actual calculated durations of shock and quasistatic blast load and the natural periods of the building
components. Tbe calculated strain energy absorbed by the building components in the energy
balance is increasedrelative to theoretical values by a factor which is based on comparisons between
damage calculated with a theoretical analysis and that calculated using the original pressure-impulse
diagrams for various components.

3.0 CALCULATION OF BLAST LOADS

As mentioned in the first section, the calculation of building damage begins with the
calculation of blast loads on each component of the input buildmg.  The blast pressure history is
calculated based on the input equivalent TNT charge weight, the charge location relative to the
building, and the assumption of a surface burst explosion. The pressure history is characterized in
terms of the positive phase impulse and peak pressure. The impulse is the  integral, or area, of the
pressure under the pressure-time curve. This is illusuated  in Figure 1. Only the positive portion
of the blast pressure history shown in Figure 1 is considered in the blast damage assessment
procedure. This simplification is discussed later in this section. Tbe peak positive phase pressure
and impulse are calculated for each building component using curve-fit equations to data from
Reference 9, which are also those used in the recently updated version of TM%1300  “Structures to
Resist the Effects of Accidental Explosions”t’“r. The curve-fit equations are high-order polynomial
curve-fits which are a function of the scaled standoff (the standoff between the  charge and building
component divided by the cube root of the charge weight) and the charge weight. The standoff is
calculated as the straight line distance from the charge to the geometric center of the component.
Either fully reflected or incident (&e-field)  blast pressures on each component are calculated
according to logic which is based on the angle of incidence between the direction of blast wave
propagation and the outward normal from the component surface. This angle is illustrated in Figure
n
L.
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Figure 1. Ideal Blast Wave Shape and Definition of Blast Wave Parameters



where R = sbh distance from center of explosive charge to wall (length of normal

X = distance from closest projected point on the wall from the charge to the
point on the wall at which loading will be determined

a = angle of incidence which is the angle  between normal vector and direct
vector between charge and point on the wall at which loading will be
determined

c

Figure 2. Angle of Incidence of Point ou Wall Relative to Explosive Charge
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Theprevioussummarydescribesthesimplified methodusedinthe blastdamageassessment
procedure in the FACEDAP program to calculate blast loads on each building component.
According to the current state of knowledge, there are a number of factors which generally affect
the blast load on structural components which are not included in this procedure. If these factors
do not cause more than a 15% to 30% error in the calculated blast loads, than it is appropriate to
ignore them since the blast damage assessment  methodology does not calculate structural blast
damage very precisely and is intended to be a relatively quick procedure to determine the
approximate amount of blast damage. As the error exceeds this amount, it may begin controlling
the overall accuracy of the methodology. Therefore, it is important to look at the variables not
consideredinthisprocedureandasscsstheeffeaoftheirexclusionorsimp~cationonthecalculated
blast loads for typical conditions. The next paragraphs describe major variables which are not
included and give a discussion on how each simplification affecta the accuracy of the calculated
blast loads. A more thorough discussion of each of these variables can be found in Chapter 2 of
Reference 10.

THE MACH STEM HEIGHT

The blast loads are always calculated assuming a hemispherical surface burst of the
explosive. This assumption is always conservative and it is realistic if the “triple point”, which
defines the height of the Mach stem off the ground, is greater than the building height For most
expected uses of this procedure, the scaled height of burst (the charge height off the ground divided
by the cube root of the charge weight) will be less than 1.0 ft/lb’”  and the scaled standoff will be
greater than 3.0 ft/lb In . For these cases, the triple point is usually greater than the height of a one
or two story building and the assumption of a surface burst is therefore a realistic one. Section
2-13.2 of Reference 10 gives more explanation which is pertinent to this assumption.

THE ANGLE OF INCIDENCE

When a building surface partially blocks the propagation of a shock wave, it reflects the
leading portion of the shock wave back into the trailing portion of the wave. This causes a buildup
of temperature and density in the air immediately in front of the surface which, in turn, causes the
pressure acting on the surface to almost instantaneously rise to a value at least twice as large as the
free-field pressure. The intensity of the pressure build up, or rise to its  “reflected” magnitude,
depends on several parameters including the scaled standoff and the angle of incidence between
the reflecting surface and the direction of shock wave propagation. The angle of incidence of a
point on a surface is the angle between the outward normal and the direct vector from the explosive
charge to the point This is illustrated in Figure 2. The point of interest is always at the center of
the component and the blast load at the center is used as a uniform load over the entire component.
For a given scaled standoff, the pressure measured on a large rigid surface and an angle of incidence
equal to zero degrees is the fully reflected pressure at that scaled standoff. For a given scaled
standoff, the pressure measured at a point on a surface which has an angle of incidence of 90 degrees
(i.e., it is parallel to the direction of blast wave propagation and does not reflect the shock wave at
all), is the incident, or free field  pressure at the given scaled standoff. Since the impulse is the
integral of the pressure history, the impulse applied to a surface is also increased from its free field
value if the angle of incidence is less than 90 degrees.

7



According to the simplified procedure, the blast pressure on the building components can
be either the fully  reflected or the incident pressure corresponding to the caIculated scaled standoff,
depending on the angle of incidence. Ifthe angle of incidence is less than 45 degrees, fully reflected
peak pressure and impulse are calculated. Otherwise, the incident peak pressure and impulse are
calculated. In reality, the peak pressure transitions from fully reflected to fully incident as the angle
of incidence changes from zero degrees to 90  degrees as a function of the incident pressure. Figure
3 (from  Reference 1) shows this relationship with a series of calculated curves. The fully reflected
peak pressure corresponding to each side-on pressure shown is the product of the side-on pressure
and the reflection factor shown on the vertical axis of the figum. The recommended minimum
scaled standoff is 3.0 frllb’“. This implies that only curves corresponding to peak incident, or side-on
pressures less than 150 psi are applicable. Figure 3 shows that, for the applicable side-on pressure
levels, the peak blast pressure remains close to its  full reflected value for angles of incidence less
than 45 degrees. Therefore, the simplification that the blast pressure. is constant at its full reflected
value in this range of incident angles is a good simplifying approximation. On the other hand, the
pressures at angles of incidence greater than 45 degrees are always greater than the incident, or
free-field, pressure level that is assumed. This is particularly true for pressures near 150 psi, and
therefore scaled standoffs near 3.0 ftib’“,  and at angles of incidence between 45 and 60 degrees.
The reflection factor for impulse is also a function of angle of incidence, but it is a smoother
relationship than that shown in Figure 3. Impulse on components with angles of incidence between
zero and 45 degrees are predicted well with the simplified blast load calculation method (usually
within 20% and on the conservative side), but impulse on components with angles of incidence
greater than 45 degrees are underestimated, although to a lesser extent than the peak pressure.
Impulse is underestimated by factors from 2.5 to 1.5 for angles of incidence between 45 degrees
and 70 degrees. In summary, the  simplified consideration of the relationship between angle of
incidence and reflection of the blast wave is quite accurate for components with a center point at
either small angles of incidence (less than 45 degrees) or large angles of incidence (near 90 degrees
or greater than 90 degrees). However, it underestimates the peak pressure and impulse on
components with angles of incidence between 45 degrees and approximately 70 degrees by factors
between two and five. For many buildings at larger standoffs from the charge, most of the
components on walls subjected to reflected pressures will be at angles of incidence less than 45
degrees because. the radius of wall area which is at an angle of incidence less than a given value
alpha in Figure 2 increases with the distance R, or the standoff.

CLEARING TIME OF RELIEF WAVES OFF  BUILDING FREE EDGES

The angle of incidence affects the magnincde  of the reflected pressure. on a component.
The clearing time of the relief waves off building free edges affects the duration  of the reflected
pressure, and therefore affects the impulse. The duration of thereflected shock pressure on a surface,
and thus the magnitude of the impulse, is dependent on the distance from the component to the
nearest free edge of the structure. This is true because when the blast wave first begins to propagate
past the free edges of a surface, relief waves are formed at these edges which propagate toward the
center of the surface and, as they propagate., relieve the density and pressure buildup along the
reflecting surface. After the relief waves have  cleared through an area of the surface, the reflection
factor shown in Figure 3 is no longer relevant and the pressure is equal to the free field value. If,
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the time required for the relief wave to reach a point of interest on the surface is greater than the
positive duration of the blast pressure, then no reduction in the reflected pressure occurs. The
simplified blast load calculation procedure assumes that thereis  never any reduction in the reflected
pressure due to the presence of relief waves. Therefore, it assumes that the bulk of the impulse is
always applied to a reflecting surface prior to the arrival of relief waves. As Figure 1 shows, most
of the impulse is applied early within the duration due to the shape of the blast pressure history.

The approach taken by the simplified  blast load calculation procedure is always
conservative and for most cases it is relatively accurate. For scaled standoffs between 3.0 ft/lb’”
and 10 ft/lb’“,  the total positive phase duration, in milliseconds, is approximately twice the scaled
charge weight (the cube root of the charge weight). This can be verified by inspecting Figure. 2-15
in Reference 10. For a typical buikiing  in this range of scaled standoffs, the clearing time required
to relieve the reflected pressure on the walJ is approximately 18 ms using the approximate empirical
formula below taken from Chapter 8 of Reference 11.

t = 3sfU (3.1)
t, = clearingtime
S = height of wall (or one-half wall  width if this is less than height) - a

value of 12 ft was used in above estimate
U = shock front velocity - a value of 2 ft/rns  was used for above estimate

(see Figure 2-15 in Reference 10)

We will assume that almost aJl of the impulse occurs  within the fit half of the pressure history
here. Based on the discussion above, at least one half of the positive phase duration, and thus most
of the impulse, wiJl occur within the clearing time (before the relief waves relieve the reflected
pressure) when the charge weight is less than 11X3  = 6ooo  lb. This implies that, for charge weights
less than 6CKIO  lbs and scaled standoffs between 3.0 ft/lb’”  and 10 ft/lb”,  the arrival of the relief
wave will be too late to significantly affect the impulse. It is thought that these charge weight and
scaled standoff ranges include the bulk of the situations which will probably be considered.
Therefore, the assumption in the simplified blast load calculation procedure that relief waves do
not affect impuIse  on reflecting surfaces is a reasonable assumption that does not significantly
reduce the accuracy of the blast load calculations for most expected uses of the code.

DRAG PRESSURES

The effect of the drag phase of the blast load is not considered by the simplified blast load
calculation procedure. Drag loads are caused by the “wind” that occurs as the shock wave accelerates
air particles which interact with  the structure. Just as with a typical wind gust, the load on the
structure front waJJ  which blocks the wind is increased and the load on the roof and other walls is
decreased due to a suction effect In Reference 10, drag pressures are equal to the product of the
dynamic blast pressure and a drag factor (Q x Cd). The drag pressures only add to the incident
shock pressure because the reflected pressure includes the effects of both the shock wave and the
pressure of the accelerated air particles which are stopped by the surface. For the front wall, which
blocks the accelerated air particles, the drag factor is equal to 1 .O.  However, most of the components
on this surface are subject to reflected pressures and therefore no additional drag force is required.
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The blast load on those components on this wall at an angle of incidence greater than 45 degrees
is already underestimated since no reflection is assumed, as discussed previously, so ignoring the
drag force on these components is secondary. The drag factor on all other building walls and roof
(which are loaded by an incident pressure history) is negative, since the accelerated air particles
cause a suction pressure on these surfaces as they flow by. Ignoring the drag forces on these surfaces
is conservative. Moreover, the product of (qd x Cd is almost always less than 20% of the peak
incident pressure so that the reduction in loading that is being ignored is not substantial. This can
be verified by inspecting the ratio of the dynamic pressure to incident pressure, which is always
less than 1.0, in Figure 2-3 of Reference 10 and the negative drag factors recommended in Section
2.15.3.3 in Reference 10. In summary, the approach to ignore the effect of the drag phase is a good
simplifying assumption for the expected uses of this code.

RATIO OF SHOCK WAVELENGTH TO COMPONENT SPAN

Components which lie along the direction of shock wave propagation are loaded gradually
by the shock. When the center of the component is loaded with the peak incident shock pressure.,
no load is (yet) applied to the far edge of the component away from the charge, and the near edge
of the component is loaded with a reduced pressure that is dependent on the ratio of the wavelength
to the component length. For structural analysis and design purposes, the transit time of the shock
wave across the component span is not considered explicitly. Instead, the pressure is assumed
constant along the span and is calculated based on the scaled standoff to the center of the span. This
is the approach taken by the simplified blast load calculation procedure. However, the peak pressure
calculated with this scaled standoff is often multiplied by a reduction factor to account for the fact
that the actual average pressure which acts on the span is always less than the calculated peak
pressure. If this more accurate approach is taken, the duration is also multiplied by an increase
factor to account for the fact that the total time over which some part of the component is loaded
by the blast is increased. If the wavelength is long compared to the span, then most of the span is
subjected to the same pressure at any given moment, and both the reduction factor on the pressure
and the increase factor on the duration approach 1.0. Thus, the increase and reduction factors are
a function of the ratio of the blast wavelength to the component span.

The magnitude of the increase on the duration and the reduction factor on the peak pressure
can be estimated for the range of expected uses. In Figure 2-15 of Reference 10,  the scaled blast
wavelength varies from 0.5 ft/Ib’” to 2.0 ft/Ibm for scaled standoffs between 3.0 ft/lb”  and 10
ft/Ib”o. An “average” scaled wavelength of 1.0 ft/lb’”  will be used here. Assuming a span length
of 20 ft, the average wavelength is less than the span when the charge weight is less than 8000 lbs.
This is equivalent to saying that the span length wiIl typically be greater than the blast wavelength.
Figure 2-196 in Reference 10 shows that, when the span is greater than the blast wavelength, a
significant reduction factor is recommended for the equivalent peak pressure (a reduction factor
between 2 and 4). Figure 2-  198 indicates that, for this same case, the effective duration increases
by a factor between 1.5 and 3. This latter statement is based on the curves in Figure 2-198 for 16
and 32 psi incident pressure and a comparison of the scaled durations in Figure 2-198 to the scaled
durations at the same pressures (16 and 32 psi) in the free field shown in Figure 2-15. The reduced
equivalent  peak pressure and increased effective duration work together to keep the impulse
approximately the same as that predicted by simply assuming the blast load constant over the span
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and equal to the value calculated using the scaled standoff to the center of the span. As mentioned
previously, this is the assumption made in the simplified blast load calculation method in the
FACEDAP code. However, this method will overestimate the equivalent peak pressure by a
significant margin. Therefore, the simplitied  method will reduce the accuracy of damage calculated
to components which are sensitive to the peak pressure by overestimating the peak pressure but
will not affect the accuracy of damage calculated for impulse sensitive components. Pressure
sensitive components are those which have a natural period at least three times the blast wave
duration. The beams, or girts along sidewalls, and roof beams and roof slabs typically have spans
parallel to the direction of the blast wave propagation.

EFFECT OF THE NEGATIVE PHASE OF THE BLAST PRESSURE HISTORY

The simplified blast load calculation method does not calculate the negative phase blast
pressures and therefore assumes that these pressures do not significantly affect component damage.
III general, the negative phase can be “in-phase” with the component response so that it occurs
during rebound and causes damage or failure during rebound. If the negative phase pressures are
significant compared to the positive phase pressure, then the additional damage occurring during
rebound for a case of m-phase negative phase loading can be significant. Figure 4 from Reference
12 illustrates how the inclusion of the negative phase loading can influence a damage curve on a
P-i diagram The approximate ratio of negative phase pressure to positive phase pressure is relatively
small (less than 20%) except when the peak positive phase incident pressure is less than 2 psi. This
canbeveritied bycomparingFigures2-15  and2-16inReference  10usingthetheoreticallypredicted
peak negative phase pressures in Figure 2-16. These figures also show that the negative phase
durationistypicallymuchlongerthanthepositivephaseduration. Thereforethedarnagecontributed
by the negative phase pressure can be significant compared to that caused by positive phase loading
when the component strength is on the order of 2 psi and when the response of these components
is in-phase with the arrival of the negative phase blast According to calculations in the appendix
of Reference 7, where response properties (such as the ultimate resistance and natural period) of a
large number of components in twelve “typical” unstrengthened  buildings were calculated, this
includes a surprising number of components. These components include open web joists, cold
formed steel beam sections, wood components, unreinforced masonry components, and even some
lightly reinforced concrete components. Prediction of negative phase pressure and impulse is
plagued by the fact that there are relatively few measurements of this phase of the blast pressure
history as evidenced by the fact that the blast curves in Reference 10 rely on theory rather than on
empiricism, as is the case for the positive phase blast.

UNIFORMITY OF TIiB SPATIAL PRESSURB  DISTRIBUTION

The structural analysis procedures in the simplified blast load calculation method assume
a spatially  uniform pressure distribution on the component. This is the same assumption used in
Reference 10 for.blastresistant  structural design and in many other simplified  analyses of structural
response to blast load. The restriction that this methodology be used for scaled standoffs at least
equal to 3.0 ft/lb”  ensures that the actual pressure distribution on components will be uniform for
practical purposes. This restriction is also intended to ensure that the code is not used to predict
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P* = peakprcssurc

I = impulse

K, X,, m = structural parameters

Figure 4. Effect of Negative Phase  Blast Pressure on Structural Dam-age
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damage for situations where local damage mechanisms, such as local breach or shear failure, can
cause significant amounts of component damage. The component blast damage prediction methods
only consider damage which occurs during flexural  response or column buckling. c

SUMMARY

In summary, the method used in the FACEDAP blast damage assessment procedure for
calculating the positive phase blast pressure and impulse is generally  conservative although it is
nonconservative for some components on building walls where reflected blastpressures occur. The
calculated peak pressure and impulse are tutconservative  for components which are subjected to
reflected blast pressures and are oriented at angles of incidence between 45 degrees and 70 degrees
withrespecttothedirectionofblastwavepropagationbecauseonlyfreefieldpressuresarecalculated
on these surfaces. The nonconservatism in the simplified blast load calculation procedure for this
case is a factor between two and five  for the peak pressure and a factor between 1.5 and 2.5 for the
impulse compared to more accurate methods in Reference 10.  The peak blast pressure can be
overconservativelycalculatcd(conservativebyafactorbetween2and4)oncomponentsinsidewalls
and roofs with spans parallel to the direction of shock wave propagation in the simplif?ed procedure
because it does not consider the reduction in effective peak pressure that occurs when the shock
wavelength is less than the span length. For most other cases, the simplified  method calculating
positive phase blast loads gives results which are close to those which would be calculated using
the more accurate methods in Reference 10. An important unknown is the amount of
nonconservatism  inherent in the fact that the simplified procedure ignores the effect of the negative
phase blast pressure on the damage of light building components (building components with an
ultimateresistancelessthan2psi).  Asafinalnote, wherethecomponentdamagepredictionmethods
are based on data from explosively loaded buildings (and, to a lesser degree, explosively loaded
components) rather than on theoretical methods, some of the variables affecting blast loads are
considered implicitly in the damage data.

4.0 PREDICTION OF COMPONENT DAMAGE

As mentioned in the introduction, the component damage assessment procedure is based
on available data and basic structural dynamic theory. The theoretical development is based on an
idealization of the building components as single-degree-of-freedom (SDOP)  systems responding
in flexure or buckling to linearly decaying blast loads. The exponentially decaying positive phase
pressurehistoryin Figure 1 is idealized as alinearlydecayingpressurehistorywith  thesameirnpulse.
This resulta  in a “pseudo” load duration which is shorter then the  actual duration ?” shown in Figure
1 . Using these idealizations, component response, or damage, is related to the component properties
for a full range of possible blast loads with equations that are derived from basic structural dynamics
theory. This is done using pressure-impulse diagrams, or P-i diagrams, which separate damage into
four damage categories with “damage curves”, as discussed below. The graphical nature of P-i.
diagrams allows damage data to be directly plotted against the theoretically determined damage
curves. In some cases, the data “validated” the theoretical curves in the sense that it shows that
they predicted damage which fell in the same damage category, or damage level, predicted by the
theoretically determined damage curves. In other cases, the theoretically generated damage curves
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were “shifted” to match the damage data. Generally this latter case occurred when the component
was responding in some response mode other than the flexuraf mode assumed in the development
of the theoretical damage curves.

An understanding of the development of the P-i diagrams is essential to an understanding
of the building damage predicted by the FACEDAP program. Considerable explanation is provided
in the following sections on both the theoretically developed damage curves and on the data used
to validate or shift the curves. The P-i diagrams used to predict component damage for each of the
twenty-four component types considered in this methodology are presented in the next section, and
the development of each of these diagrams is explained in the following sections.

4.1 Component P-i Diagrams

The following table lists the twenty-four component types considered  in the FACEDAP
program.

Table 1. Structural Components Considered in the FACEDAP Program
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All component response is determined in terms of the four qualitative damage levels
described below. These are not “official” descriptions; they are a synthesized combination of the
qualitative descriptions found in References 3 and 4. The four damage levels have also been
correlated with the levels of protection defied  in Reference 13, which are used by the U.S. Army

These correlations are included in the damage level descriptions.

No appreciable damage; the component is reusable without
repair. This damage level can be equated with a High Level
of Rrotection.

30% Damage:

60% Damage:

100% Damage:

sion. This damage level can be equ
el of Protection.

Level of Protection.

unted  on with high
certainty to protect personne
effects of the explosion. This d
with “collapse” as it is u
Protection. However, co
which is relatively near
damage and 60% dama
collapsed in terms of the

ment from the

These damage categories were selected in ginal development o the blast damage
assessment procedure based in part on the qualitativ ge descriptions found test data. They
were also based in part on some consideration of CO onent response criteria (i.e. ductility ratios
and end support rotations) called out in design cri
10 and 14. A qualitative description of d I:,.

r different protection level in References
ns was selected as oppo to a more

quantitative description of damage since ropriate for expressing the component
response calculated with the approximate e assessment techniques in the methodology.
However, in subsequent work the four dama gories were correlated with specific component
response criteria for most of the mponent types because it was judged that in spite
of the approximate nature of the me was nonetheless better to provide some qualitative
description of the four damage leve@n.
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AU component rqonse is determined in terms ofthe  four qualitative damage levels described below.
The descriptions shown for each damage level are not “official”  descriptions; they are a synthesized
combination of the qualitative descriptions found in  References 3 and 4. The four damage levels have also
been cortelated  with the levels of protection  defmed in  Reference 13, which am used by the U.S. Army

t*Corps of Engineers . These cormlations  are included in the damage level descriptions.

0% Damage:

30% Damage:

60% Damage:

100% Damage:

No appreciable damage; the component is reusable without repair. This damage level
canbeequatedwithaHighLevelofPmtectio0.

Moderate damage; the component is  probably repairable and it has provided a medium,
or generally adequate level of protection  to personnel and equipment from the effects
of the explosion. This damage level can be equated with a Medium Level of
Prdection.

Seven damage: the component is not worth repairing, but it has not failed and it has
provided at least some protection to personnel and equipment horn  the effects of the
explosion. This damage level can be equated witb a Low Level of Rote&ion.

The component is defmitely  beyond repair but it has not necessarily completely
collapsed. It hss undergone a deformation such that it cannot be counted on with high
certainty to protect personnel and equipment from the effects of the explosion. This
damagelevelisequatedwith”Cdlspse”asitisusedin~~ofaLevelofProt6ction.
However, components with 1004b  damage which is relatively near the borderline
between 100% damage and 60% damage will most probably not be collapsed in terms
of the general usage of this word.

These damage levels were selected in the orightal  development of the blast damage assessmenf
procedure based in part on the qualitative damage descriptions found in test data They wem also based in
part on some consideration of component response. criteria (i.e., ductility ratios and end support rotations)
called out in design criteria for different protection levels in References 10  and 14. A qualitative description
of damage definitions was selected as opposed to a mom quantitative description of damage because it is
more consistent with the approximate damage assessment techniques in the methodology. However, in
subsequent work the four damage categories were conelated  with specific component response criteria for
most of the twenty-four component types because it was judged that in spite of the approximate nature of
the methodology, it was nonetheless better to pmvide some qualhative  description  of the four damage
levels[4n. These qualitative desc@tions  were modified slightly during the development of the FACFDAP
emgnun.

Approximae com9ations  between quantitative measures of component response (i.e.  u and w/L) and
the four damage levels are shown in Table 2. The ductility ratio @) is equal to the ratio of the maximum
deflection to the yield deflection at midspan and the deflection to span ratio (w/L) is equal to the ratio  of
the maximum deflection to the span length. ‘the  ductility ratios corresponding to each damage level in
Table 2 am based on ductility ratios measured in tests where the four damage levels were observed or they
are assumed based on en-g judgement  and criteria suggested in  other references. As explained in
Section 4.4, the P-i d&rams  were developed so that they only correlate the component dynamic response
and blast load characteristics to the ductility  ratio of the component response. Therefore. the damage levels
can only be directly expressed quantitatively in terms of corresponding ductihty  ratios. The w/L vslues in
Table 2 were derived .from  the corresponding ductility ratios for each component damage level using an
assumed “typical” yield deflection value  as a function of span for each component type (i.e., w/L = u(W),
where W = (yield deflection/L). For components with arching, w/L values from data were used to directly
determine the w/L limits for each damage level.
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Table 2. Quantitative Criteria Dehhg  hmage  Levels for Each Component Type

(see text for more d&cdn
and SIC  general  not4
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Table 2. Quantitative Criteria
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General Notes:
1. All w/l values am derived from ductility values using an assumed ratio of yield deflection to span kngtb

for a “typical” component except where indicated otherwise.
2 . All values in  this table are intended to correlate as well as possible to damage observed in test data and

therefore will not always correlate with design uituia
3. The lower limits of 30%. 6096,  and 10% damage referred to in this table correspond directly to the

iplper  bounds of High, Medium, and Low Levels of Pmtection,  respectively, as discussed in Section
. .

The following pages show the P-i diagmms for each of the twenty-four component types which are
used in the FACEDAP  program to predict component damage. ‘Ihe equations for the 5 and i terms on each
axis of the P-i diagmms an shown below the diagram. Each of the parameters in these equations is  explained
in table  format on the page pmceding  the P-i diagram. Also, each of tbe paramemrs related to mater&l or
cross sectional properties of the component is hhutmmd  in an example below the tabk. The ij  and i teram
are always dimeusioulesa  Therefore, the parameters used in tbe equations to cakukte 5 and i must always
be converted into a consistent set of units (i.e., inches, pounds, and seconds). It is always gocd  practice to
include the dimensions of all parameters in the i aud i equation snd check that the dimensions cancel SO

that the calculated c or i is dimensionless as it should be. lhe FACEDAP program automatically  c&uk@s
dimensionless~and~te~aslongastheusainputsinformationinthesptcificunilscallcdoutin~
PrWram.
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l SF.EGE3ERALNOTES1

calculated valw y=0.9w’5p(1-059pyfJ

b=
bd’(55P  + 0.083) 4

2 p=@d)

w=[(lOft)(0.5ft)+(12in)(12in-6in)/1~IQ(1~lb/~  ,
where L = span length (fi)
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Parameter Description
Peak Pressure (p) Peak Blast Prewre at Center of Component
Specitic  Impulse (i) Specific Impulse Applied  to Center of Component
Span Length  CL) \ Span Length Between Suppns
Beam Width fb) Beam Width

f Tensile Steel biinforccment

’ SEEGENERALNOTESlANDZATENDOFCO

Parameter Value for
Example Case Below

12in
12in
10 ft

Ee  eqation below  figure

4.oooDsi
a.ooo  psi

loin
2.37 in’

1,150 in’
386.4 in/se2
1.06 E6 bm

3.6 E6 psi

Colculcted Values B=57000&

4
p=(M)



o., , ; ;
“.”
: : . . :::

; ; ; ; ;;;;; , , , (, ,,,, , , , .

H-H

0.1 1 10 100 1000

Bomdaly cmditions VP vi

c

Simple-Simple 10.00 0.913

Fixed-Fixed 23.10 0.861
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Parameter Description
Peak Ressm CD) Peak Blast Pressure  at Center of Comuonent

Parameter Value for
Example Case Below

SEE GENERAL NOTES 1 AND 2

Calculated Values hg = 0.9 bd’ f,p (l-o.59 pfJp3 E=57OC&

La =
w’(5.5p + 0.083)

2

A=bd

As-  = 1 #3  bar = 0.11 in.’

d+= 4 ”

LA s+ = 1 #4  bar =  0.2 in.’
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R0infwced Concrete  OreWay  slabs

Boundary CooditionS QP Qi

Simpksiiple 10.00 0.913

FiidFiXHl 23.10 0.861

f
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Parameter
‘,

Description
‘“ak  Blast Fvessure  at Cen,  I-ci lmer  of Component
lsnl?ciflc  Imnnlse App riled  tn Centa of Component-
1 Shorter Span Length Between Sq ?pons
Lmga  Span Length  Between Supports
Section Width (Used for AU Section Pmpmty
crdculations)
slabThicknss

Parameter Value for
Example Case Below

. -..
Long  span  Length  e,
Section Width (b)

Slab Thickness  (b)

12in

6in
c011~nte  Cotttptesive  Suength  (f3  128  Day Compressive Stnxgti  of tk Concrete (fk) I 4.m psi
S&e1  Yield Sbenmh  IfA 1 Yield Suen~th  of the Steel Rehforce-meznt 6OMM  asi--_. .._.-_ -_._-. . . ,

Depth tn Tensile Steel (d)’

Area of Tensile Steel (A.)* 1 Am  of Tensile Steel Reiioforcement  within Section

1 -----

1  Depth to Tensile  Steel  Reid-mu ! 4in

0.16 in’

cooctete  Density (r)

Moment of Inertia (I,,,)

Gravity Constant(B)
Arching  Req-xue

S  w
Moment Capacity  (Md
Young’s Moduhts  (II)

Weight Density of Coocrete
rmnt of Inertia of Cracked  Cross  Section Within

Gtavityccmtant
Arching (Canprcssion  Membrane)  Respose  Wiii
Not Occur
Diane. from  Neutral Axis to Outer Fibe?
Moment Capacity  of Section
Young’s Modulus for Conuete

150 lb/f?
39 in’

386.4ialsec'

No arching

5.7in

3.4 E4 Ism
3.6E6psi

l SEE GENERAL  NOTE 3- NS
t SEE GJ3NERAL  NOTE 4 -

Nf3.u~  591: //rsQs~~~L

Caleulated  Values c=h-1.38pdfJf.
y = 0.9 bd’  f# (l-0.59 g/PA E=57w

bd'(5.5P + 0.083)
L=  2

b = 12"+
- 1 #3 bar = 0.11 in.*

rA"2;

- As, = 1 #4 bar = 0.2 in.'



1 iii__.._.__.._.

j

.-.
_-.

O-b 1

0 5 1 . 0

x/r
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Parameter
Peak Ressure  (p)
Specific  Impulse  (i)
Span L=@  0-1
Column Width (a)
Loaded Width (b3

Total Weight(W)

Description
Peak Blast Pressore  at Center of Componeot
spccilic  Impulse  Applied  to center  of Canponettt
Span Length Baween  Supports
Width of Cohmm  Cross  Section
Width of Area Supponcd  by Component  Which is
Laded by BIast
Weight of CamPottatt  Flus  Aftached Components
Within  Lmded  Wii

Concrete Compmsive  Srrength  (fb 28  Day Complessive  Strength of the Cocaete.  (PC)
Steel Yield  suettgtb  (f,) Yield SbutgtJ~  of the Steel Reinforcancnt
Depth to Tensile Steel (d) Depth to Tensile  Steel Reiiotranent
Area of Tensile Steel (A.)* Area of Tatsile  Steel RCbtf~r0C.N  in Cohtmtt
Moment of Inertia (In) Moment of Losrtia of cracked  cohtmo  Cross  SectAm

ResisthgLNualL4ntd
Gravity Chstant  (s)
Moment Capacity  (MJ
Yoong’s  Modolos  (E)

l SEE GENERAL NOTES 1 AND

GravitycQnstaN
Moment Capacity  of Column
Young’s  Modulus for conaete

CafcM  valuas y=0.9bd’f#(1-0.59pyp3

5s =
bd’(5.5P  + 0.083)

2

b, = 10' h = 14”

I 1 d-= ,2” r As*=  3

Parameter Value for
Example Case Below

12 in

loft
I

see.  equation  telow  figure
I

3.6 E6 psi I

E=57e

4
p=(M)

tt8 bar = 2.37 in.’

E L E V A T I O N A - A

w =  [(lo f-t  - 1 ft) (t) + (12 itt) (14 in)/1441 0-j  (150 lb/N)
where L = colmmt height (ft)

t = (WttctNe)  wall pttel  thicloltss  (ft)
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Reinforced Concrete Exterior Columns c

Boundary Conditions % vi

Simple-Simple 10.00 0.913

F i i ed -F i i 23.10 0.861
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calcuhudvalues I=bh’
1 2

P L A N  V I E W

W= (1)(1500/ftqfGfflatmlmteslabroof
t I mofslabthicklKss(ft)
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Bolmdary  cooditioos Side Sway a, cb

Fixed-Simple. No 0.894 20.99
Fiixed-Simple YeS 1.410 2.41
Fixed-Fixed No 1.410 39.48
Fixed-Fii YeS 1.410 9.81
Simple-Simple No 1.410 9.81
simple-simple YeS 1.410 2.41
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l SEEGENERALNOlW1ANDZ

calcufatcdvafuas y=  0.9 bd’q  (l-o.59 PyfJ

w’(5.5p + 0.083)
b=  2

E=5lN

4
p=@d)

w I roofweight+v3(wallandcolumnwc~t)withinLoadcdwidth
w = (IJ (12 ft) (24 ft) (150 lb/e)  + l/3  [(2(b)  (12 ft) (26 tI)1  + (3 (12 in) (14 in)  (26  nYl~l1(~M  m
f = (concntc)  roof  slab  miclmss  (ft)
f = (concrete)  wall slab thim  (ft)

2 9



Reinforced Concrete Frames

IbX= a,  u + 0.7 (n - 111 BE t&H i’
(n  + 1)’ t 1w

1 StorY  Frame

a, 0.83 7 5

% 0 5 0 I5

2SmyFrame

3 0



Parameter Description
Peak Pressure  (p) Peak Blast Pressure at Center of Component
SceciBc  lmwlse  0) Snecitic  Im~ttlse An&d  to Center of Comuonent

Parameter Value for
Example Case Below

Spa  Length  CL)

Beam Flanne  Width (b)
1 Span Length Between Suppxts
1 Beam Flanne  in Commesiw

Loaded Width (bb

Total Weight(W)

Width of Area Suppttcd  by Component Which is
Loaded by Blast
Total Weinht of Comtxment  Plus Weight  of Anv- .

I
uion  below figure

-‘-m I
Concrete Compressive Strength (rJ 12.8  Day Compressive Strength of the Cow  (PC) I 4.OcO  psi
Steel Yield Suengrh  (f,) Yield Strength  of the Steel Reinforcement aofm psi I

1 Pmsuess  Steel Uuimate  strength (fd phimate  stzength  of the Ptemessing  Steel I 250,000 psi I

I Depth to Tensile Steel (d)
I
DephtoTen&eReinforcement
CIf  Unknmvn:  Beam ‘IXicknes  - 2”) I

16 tip-7

Depth to Presuess  Steel (dJ

Am of Tensile Steel (A7

JJeph  to r%csuess Steel in Maximum Moment Atea
(If Unknown: 80% Beam l’bicktxss)
Ares of Non-Pmsxsed Tensile Steel

llitl

0.88 in2~BlXtltArea) ! I
_.

(If lhknown:  0.3
Area of Compssion  Steel (4) Area of Non-Rwaessed Compresion  Steel 0.93 in’

(IfIJttktt~  0.5% of Beam Area)
AreaofPresuessSteel(AJ Area of NC+Restressed Compression Steel 0.58 in’

(If Unknown: 0.5% Beam Area)
Gross Moment of Inertia (IJ
Gravity  Constant(B)
Resuessed  Steel Ratio (03

Unuacked  Moment of Inertia of Cross  Sectia~
Gravity Constant
steelRatioofPtwresmPsteel

6.005 In’
386.4 inlsec’

0 . 0 0 2
Non-Pnxtmsed  Steel Ratio (p) Steel Ratio of Nat-Presuesed  Tension  Steel 0 . 0 0 3
Compression Steel Ratio @3 Steel Ratio of Non-Presttessed  Compression Steel 0.003
Effective Moment of Ine&  (In) Moment of Inertia of Cracked Cross  Section 352n  in’
Effective Prestress  Steel Stnngth (fJ Effective Yield Strength in Presuesing Steel 230.000 psi
Yomw’s  Mndolus  f F  1 Yoonn’s  Modtdus  of Concrete 3.6Mosi

1 Moment Capacity (MJ 1 Moment Cap&y of Beam I 2.8 E6 Igm I

31a



Cakuhlad  Valws E=57ociQfi

y=A&.(4-;)++;)

b, = 5'-

b = 18"
t-7 ,/-

- A;= 3 tt5 bars = 0.93 I".'

A,= 4 -l/2" Strands  = 0.58 imz

A:= 2 tt6  bars = 0.88 I".'

w = [(5 ft) (t) + AJ Q (150 lb/@
L = span length (ft)
& = cross sectional area of beam (f?)
t = (concrete) slab thickness (ft)
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Fbinforced  concmte Pr~essed  Beams

llJW= Pbar= pb,L’

ix

Boundary CondiIions VP vi

Simpleample
Fiied-Fii

1o.M) 0.913
23.10 0.861

32



Plastic Section Modulus (2)

Parameter

Moment of In&a  0
Gravity constlnt  (e)

Peak Pressure  (p)
Spedtic  Impulse (i)
Span I.ensth  (L)
Loaded Width (II,)

Total Weight (IV)

Steel Yield Strength (a,)
Plastic section Modtdos

Description

hkment of Inertia  of Cross  Section
Gravity constant

Peak  Blast Pmssmz  at Center of Component
Specilic  Impulse. Applied to Centa  of Component
Span  Let@  Benveat  Soppot%
Width of Area Supported by Component Which is
Loaded by Blast
Total Weight of Qwttpottent  Plus Weight of Any
Suppted  Components
Yield Strength of Beam

Parameter Value for
Example Case Below

5t-t

see equation below  figure

36,GOO  psi
38.8 in’
170 in’

386.4 irdsec’
1  Young’s Modulus (El 1 Young’s Modulus for Beam I 29Mp.e I

WlOX33
I = 110 in’

2 = 38.8 in’
w=33 Ib/ft

w = rcw,,  (5  fi) + (33 ltml  04
W,  = ateal weight of paneling and kulatitxt  supported  by beams (lb/f?)
L = spanlengdt(ft)

3 3



SteelBeams
No Tension Membrane

1000~:r:::~rr-:~:~~~-_ ~~::::Iz:I?:Tz?r?~::...." ._.-....,....-,._IR...-~~-.-.~.~-,,._.--._-_-_-_.---__.-~~..-~.--~,,

Bomdmy Cadilions VP vi

Simple-Simple 10.00 0.913

FiieMixed 23.10 0.861

34a



steel Bwms
Wti Tension Membrane

Bodary Conditions VP vi

SimpleSimple 10.00 0.913

Fiied-Fii 23.10 0.861

34b



Parameter Description
Peak Plrsure (D) Peak Blast Pressme  at Center of Comuonent

Parameter Value for
Example Case Below

Total Weight(W)

Yield Strength (a,)
Elastic section Modules  (S)
Moment of hxtia  (I)
Gravity Constaot (8)
Young’s Modnlus (E)

calcuhluivalaes

Total Weight of Component Plus Attahed Components
Within Laded Width

see quadon below figure

Yield Strength of Mual Stud 50,ooo  psi
Elastic saxion Modtdns of Me&l  stud 0.85 in’
hbmcntofInerttaofStud 2.55 in’
Gtavltyconstaot 386.4 inlsd
Yotmg’s.Moduhts  for stud 29E6psi

s = 0.08 @ + t&O) I = 0.036 @I’ + h’/lO)
Note: These caIcalaM  values  awume a metal  stud  thick~sa equal to O.&S’, a saion &p# eqwd lo (0s)  (h), cm  mw.md
jlange whflh equal ta 1.5’:  and a “C”  or “2” shaped seclh

t-“‘=  16”1 h = 6.75"I I

16 gage metal stud
l6x1.5x0.061

I = 2.55 in'
s = 0.85 in"

w = 1.44 Ib/ft

W = m, (1.33 tl) + (1.44 lb/n)] Q
w, = ateal weight of paneling  and ins&ion sqqmr@d by studs (Ib/ft?
L  =  spmlIeogth(ft)

3 5



BoundafyCcditi~W VP yri

Simple-Simple
Fiied-F&d

10.00 0.913

23.10 0.861

36



Parameter DescriDtion
Peak Ptessure  (p) Peak Blast Pressme  at Center of Component
Specific Impulse 0) Specific  Impulse Applied to Center of Component
Span  J-en@  CL) Span Length Between Supports
Loaded width @a Width of Area Suppnted  by Component
Joist Depth (d) Dlsmoce Benvea Top and Bottom Chord of Joist
Am  of Bottom Chad (A)’ CkossScctionalAreaofJoistBottomChordathl&pan
Total Weight (W) Total Weight of the Joist and Deck Within tie  Loaded

Yield Strength  (a,)
Bending sdffncss  l (K)
Gravity  Constant(s)

Yield StrengtJ~  of Bottom Chord
Joist Bendiq  Stifiks
Gravity constant

ice  equation below  fiSUre

LA
SECTION A-A

w= [(t) (5 ft) (150 lb/f?)  + (10.1 lb/ft)l  (L)
t = (concrete)  roof slab thickness
L = span length (ft)

3 7
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Parameter Description
Peak Pres.vlre  (p) Feak Blast Pressme  at Center of Component
spscilic  Impulse (i) SpeclBc  Impulse Applied to Center of Component

Parameter Value for
Example Case Below

span  Length  CL)
Decking uncosted  lllickne-ss  (1)
Rib Height (h)

Span  Length Between Supports
UncoacedThickn~ofDecldng
Height of Comtgatiau

0.023 in
2in

I Total Weight(W)
Itihth
Wetght  of Decking and Any Anached Material Within 1

I
see  equation below  figure

Yield Strength (IS,)
Elastic Section Modules  (S)
Moment of Inertia  m

Yield Strength of Decking
Elastic Section Modulus of Decking Per Foot
Moment of Inertia  of Deckinn  Cross  Section Pa Foot

40,coo  psi
0.29 i&t

0.343 in%

Gravity  Constant(s) lGlavlly CYnstant I 386.4 inld
Young’s Mcdulus  (E) 1  Young’s Modnhts  for Decking 29E6psi
Section Width (3) S&on  Wii (Used to Calculate All Sectional

Ptopcnies)
12in

calculaudvalw?s S=4Sht 1=2.4th
Note: These wlc&ted  vdues  assume an effeclivefhnge  width  0375 limes Ihe section wiith. Thir  is  a good approximation
based on comparhw with achfalsectionpmperties  mpor&din  nnmqtachuctis  Gtmzlnm  A 12”sectim wbfth  & a.~umed.

h

VUlCrOft  2VL2.2 Deck
t = 0.023 in (22  gage)
I = 0.343 ln'/ft
5 = 0.29 in'/ft
w = 1.7 Ib/ft2

;I :
N1.7  lbm’,  + W’)l  (1  f0 0-j
ad weight of insuladon,  etc., attached to decking (lb/f?)

L = span length  (f0
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Pbar

Simple-Simple
Fixed-FiXed

10.00 0.913

23.10 0.861



Parameter Description
Peak Resm-e ItO F%ak Bias Pressure at Center of Comwnent

2 = 30.8 in'
w=33 Ib/ft

ELEVAT ION A - A

w = [(lo ft) (t)  (150 lb/f?)  + 33 Wfil  U-1
t = (concrete) wall slab thickness  (ft)
L = span length (ft)

4 1



Steel Extwior Columns
No Tension Membrane

IbX=

simp1esiip1e
Fixed-Fixed

42a



Steel Exterior Columns
Wti Tension Membrarw

Simple-Simple 10.00 0.913

Fixed-Fixed 23.10 0.861

42b



Parameter Value for
Parameter Description Example Case Below

Peak RewJfe (p) F+eak Blast Resstue  at Center of Component
Sped% Imp&e (i) Spci6c  Impulse Applied to Center  of Component
Smaller Column Dimension (h) Column  ‘lMkoes  About Weak Axis 7.96  in
Column Height(L) Column Height Between Lateral Supm
b&d At-a (AI) LcudedAreaSuppmedbyColunm 4cafe
Supported Weight pa Area 0 Weight Per Unit Ana of Supported Area see eqnation  below figure
Yield Suengti (a,) Yield Suengtb  of column 36,ooo  psi
Minimum Moment of Inatia  &) “Comn Moment  of Inertia  About the Weak Eending 36.6 in’

Gravity  Constmx  (s) Gmity  CQnsraat 386.4 ilusd
Young’s Modnhls  8 Young’s Malolw of Column 29E6psi

, rh = 7.96”

P L A N  V I E W

w  =  (t)(1501b/ti)
t = (concrete) roof slab thickness

43



S i d e  S w a y a, c$

Fiid-Simple N o 0.894 20.99

Fixed-simple YeS 1.410 2.41

Fixed-Fixed N o 1.410 39.48

Fiicd-Fixed YeS 1.410 9.81

SimpleSimple N o 1.410 9.81

siplesimplc Yts 1.410 2.41



PLAN ELEVATION

W E rwf  weight + l/3  (wall and wlumn  weight) within  Loaded  Width
w = (t,)  (12 ft) (24 ft)  (150 lb/f?)  + l/3  [[2 (t.)  (12 ft)  (26  ft)  (150 lb/f61  + 13  (33  lb/f0  (26  fOl1
where t, = (concrete)  mof slab  thickness  (ft)

f = (concrete) wall  thickness (ft)

4 5



Steel Frames

i-3e

WU=

(1

46



Steel Frames

a, (1  + 0.7 b - 111 se&w i’
(n + 1)’ l 1w-f4

1stolyFmme 2stmyFmme

a, 0.83 7.5
cb 050 15

46 Rr3isbn  1.2



Parameter
Peak Pressure (p)

specilic  Impulse 0)
snnn LaMth  n,

ISectionwii(b)

kSCriQtiOtt

Peak Blast F%ssure  at Center nf Cnmnnne~

Parameter Value for
Example Gasp  Below

I
I __ -___  _.._. It

lspcciEc  Impulse AQpliedtoCenmofComponent
lsaao Letlath  Bemea  s-
htionWiiwscdffftisectionRoPeitY 16 in

wall Thickness (a) W*ll ThicklwsR I R in I

Mawmy Comp-esstve  Sueogth  (f> Compressive Shu@  af F&som-~  Wall 135omi I
Mammv Tensile  Skenmb  If.1 Tensile Saenntb  of M8saw  Wall mR?i I
Weight/Unit L4xkd  Area (w)

Masotuy  Shell lBichss  (t)

secdoo  Modnlus  (s)
Moment of Inertia ill

W~~~rh&+. Loaded by Blast

ElasticsectiooModnlnswithinsectiwwidth
MomentofIoutiaofchssectionwthillSectiml

seeeqllalionbebJwfiglue.

1.25 ill

135 iI?
455 in’

c&luilfcdvafnua S=tb@t)

E=lOOOf

Note: lksefomuhsassumetkwaUisimgmutd Ifitisknowntht~waUisgmutedinputS = $. I = $

t=t .25' Cores ungrcuted

LArea  loaded by blast

C R O S S - S E C T I O N

W = wdt@,)@31
WB = weight of block (icluding  grout if voids grouti) (lb)
B,,Bz = dimensions of block area loaded by blast (ft)

4 7



Parameter Descriotion I Parameter Value for
Examole  Case Below I

Note: These fomuhs  assume the waJI  is UD@-OU

Cores ungrwted

CROSS-SECTION

k (icluding  grout if voids grouted) (lb)
block area loaded by blast (ft)

47



c

Simple-Simple
Fiicd-Pii

10.00 0.913

23.10 0.861

48a





Parameter Description
Peak PIessure  (p) Peak Blast Pressure  at Center of Component
Snecific  Imndse (D Soecitic  lmmlse  Amlied to Center of Canwment

Parameter Value for
Example Case Below

Short Span Length (x1 Shorter Span Length Between  Supports
Long Span Length  Q) Longa Span Length Between Supports
wall Tbickwx  (a) wall Thkkness gin
hfasomy  Compressive  Suength  (fd Compressive ShmgIb of Masonry  Wall 135opsi
~ Masonry  Tensile Suength  (f,) Tensile Shtmgth  of Masnmy  Wall mpsi
Weight/Unit  Lcdd Area(w) Weight pa Unit of Surface Area Lo&d  by Blast

Presnue  - Accoaotbn7 fm voids
se-e equation below figure

Gravity Constant(s) (Gravity Constant I 386.4 blhec’

Young’s hfodohls  (E) 1  Youag’s  Modulus for Maronry 1.35 E6psi I
c&vlcllsdvalues E=lOOOf,,

A r e a  l o a d e d  b y  b l a s t

C R O S S - S E C T I O N

W = WBP,)@31
wB = weight of block (including grout if voids grouted) (lb)
B,,B,  = dimensions of block area loaded by blast (ft)

4 9
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mry unreinfocced  T-Way  Slabs

l(

1.0

03

Pbar



I Parameter I
Parameter Value for

krtption Example Case Below
Blast F’resme  at Center of Comoonent I

Maomy Compnssive  Strength  (f>Maomy Compnssive  Strength  (f> Compressive Strength of Masonry WallCompressive Strength of Masonry Wall 1350 psi1350 psi
Steel Yield Strength  Cf,)Steel Yield Strength  Cf,) Yield Strength  of the Steel ReinforcementYield Strength  of the Steel Reinforcement 60,cca  psi60,cca  psi
Depth  to Ten&e  Steel(d)Depth  to Ten&e  Steel(d) Depth to Tensile Steel ReidmeatDepth to Tensile Steel Reinfomunent 4in4in
Area of Tensile Steel (A>*Area of Tensile Steel (A>* Area of Tensile  Steel Reiiorcemcnt  Wii SectionArea of Tensile  Steel Reiiorcemcnt  Wii Section 0.11 in20.11 in2

WidthWidth

I Weight&htit  Loaded Area(W) Unit of Surface Anza Lo&led by Blast see eqmtion  below  figure I
I Moment of Inertia  (In) I Moment of Inertia of Cracked Cross Section  Within

Section  Wii I
Gravity cTmstant (s)
Moment Cap&y (MS
Yonnn’s  Modnhs  ml

Gmityconstant
Moment Cap&y of Se&m
Yoom’s  Mndnlns  of St%lion

386.4 inhe?
2.ZE41b-ii
135B6osi

E=lKQf

LAreo  l o a d e d  b y  b l a s t LA.= *3 bar  = 0 . 1 1  in2

CROSS-SECTION

W = WA(B,) WI
W8 = weight of block (including grout if voids grouted) (lb)
B,,B,  = dimensions of block area  loaded by blast (ft)

5 1
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0.1 1 10 100 1000

Pbar

Boundary CcditionS VP vi

Simpk4iiple 10.00 0.913

Fixed-Fued 23.10 0.861

52



Parameter
PeaL  Ressm-c  (PI
soecitic  lmuulse  0)

Parameter Value for
Description Example Case Below

peaL  Blast  Resun II Center of Clnmmnent.- __..  -_  __ - _..__.._.._ I I
Snecific  lmouke  Aoolied  to Center  of Cmmeot I I

Short Span Length (1)
Lw3 SW  Length  tf)
sectioo  width (lJ)

Shorter Span Length  Between Supports
Longer Span Length  Between Supports
section width (used  fix  au sectioo  Pqaty
calculations)

16in

WaJl  Tbiclmess  (b) wall Thickness 8in
Masomy  Compressive Strcogth  (fJ Compressive Sbength  of Masonry  Wall 1350 psi
Steel Yield  Strcngdt  (f,) Yield Suengrh  of dte  Steel Reinforcement 60,am  psi
Depth to Tensile Steel (d)’ Depth to Tensile  Steel Rcinf-cm 5.5 io
Area of Tensile StceI  (A,)* Area of Tensile Steel Reiiotrzcmeot  Within  Scctioo 0.11 in’

Wdtb
weight/unit Laded Area(w) Weight pu Unit of Surface Area La&d  by Blast see equation below figure

Momeot  of Inertia (&I ~fbme~‘m&rtia  ofth3tf!d  c!ross  scclioo  wirllin 348 in’

Gravity Constant (g) Gravity coustant 386.4 itvsd

Moment Capacity (MS Moment  Capacity  of Section 32 E4 lb-m

hl”8’S hk&htS  (E) YO,l",fS  khhdOS  fOr &SON)’ 1.35 E6 psi
W

I SEE GENERAL. NOTE 3
s-,-i’ 0 err  ,_,  It,  ir; qQ  . py;  9

SEE GEh’ERAL  NOTE 4
of &,T,r ‘vi;:

klukzted Values
t,, = $ + 0.0025 (b)(d)’

Or/ @G/I  53 Df  LIJ&,,i /+.&+@+‘
y = 0.9 bd*  f# (l-o.59 pfjeJ

A , =  ti3  bar = 0 . 1 1  in*

CROSS-SECTION

W = WBm,)@d
=

ZB, =
weight of block (iicluding  grout if voids grouted) (lb)
dimensions of block area loaded by blast (f’t)

5 3



hksonry  Reinforced  T-Way  Slabs

1 , 1 , , ! , ! , I
05 1 . 0

dY
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I Parameter I DescriDtion I Examole  Case Below

I Moment of Inertia (h)
I
Moment of lnulia of awed pilana ems  section

I
1,670 in’

Rlsisthnlateml~ I
Gravity  Constant(B) Gravity Cwstant 386.4 ill/d
Moment Capacity  (MS Moment capacity  of Pilasta 8.0 ES lb-ii
YO”“g’S hb&thS a) Young’s hfodahts  of Pilaster 1.35 Mpsi

caleuk7fed  vullbes
L=

lad’ (5.5P + 0.083)
3

h$= 0.9 hd’5p (l-O.59 PfJf3

4
p=@j

E=lOOO~

S E C T I O N

W =
W’

[w’ (12 ft) + [(16 in - 8 in) (16 in)/1441 (120  lb/%‘)1  0-j
= steal  weight of wall per unit atea (ltdf?I - calculate as shown for other masonry components

L = pilam hci8ht (fi)

55



Masonry Pilasters

Bomdary  CditiOILS Ys vi

Simple-Simple 10.00 0.913

Fiied-Fked 23.10 0.861

56



Parameter
Prllk  Prrm,,~ (p)---.---

speciftc  Impulse (I)
span Lcngch  CL)
SNd  Width (b)

Stud Depth (It)

Loaded Width (It,)

I Total Weight (IV)

Description
F%ak Blast Ressttre  at Center of Component

1 Specific Impulse Applied to Center

Parameter Value for
Example Gas  Below

of Component
Span Length Between Surmms
Actual Wall Stu
(UsttaUy Nomin;
Actual  wall SNd  Depth
&koally  Nominal  Deqtt
bad-
mpatk

I
i

1 Width 1.5 in
al Width - 0.5”)

3.5 in
L - 0.5”) I

%I width (Stud Spacing) used for au section 16in
-3.-

we&of Stud Plus Attached Companenu  Within see  equation Mow  figure

Wood Yield Sttength (4)

Mcdulw of Elasticity two

Full h%odttlus  of Rttpture Sttmgth  of Wall SNd
(Apptoximately  25 Tiis, Allowable Design Stress)
Modulus of F%sticihr of Stud 12Fz6~si.-I

wall sheathing  TllicbKss 0) Aveqe  lltickmss of Imeric%  and Extaics Wall 0.5 io
she2uhmg Attached to smd

SNd+ Sheath Mcmettt  of Inexiiam MomentofInettiaof Stud(& Sheathing&h Sidcif A=’

~Gravity  Constont  (s) 1 Gtavity  Chstattt I 386.4 in/d I

CalcWd Values I = mm @+o’ bh’
+iT

2 haif
Notos: The formula above assumes one$Wi%  of lhe shdhing span between studs act2 compositivel~  wiih  studs

IfshcalhingLnotcom~s~w~voll~kpvlI = $&I-0

L Wood  Sheeting

S E C T I O N

W = &I (16 in/12)  + f(1.5 it0 (3.5 i@/M(7.)
W’ = ama~  weight of both fax-s of Mg and wall  ktltttim Ob/ft?
L = wall height (ft)
7. = dettsityofwoodittstud(lb/ft?

57



Boundary Ccmditicms aI cb

Simple-Simple 1.4610 8.0

Fixed-Fii 0.8944 12.0
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Peak Presswe  (p)
specific Impulse (0
span Length  n,

o n E
F’eak  Blast Presswe  at CenIer of Component
Sphtic  Impulse Applied to Center of Component
Span Length Between Suppons

Joist Width @)

Joist Depth 00

Laded  Width (b,)

Actual Roof Joist Width
(Usually Nominal Width - 0.5”)
Acmal Roof Joist Dq%h
(Usoally  Nominal Depth  - 0.5”)
Loaded Width  (Joist Spacing)  Used for All Section

1.5 in

5.5 in

24in

Total Weight(W)

Wood Yield Strength ($1

Modolus  of EMicily  03)
Roof Decking  Thickne~ (0
pioi Dgk Moment of

Glavity  constant cg)

Tolal  Weight of Joist + Weight of Aaxhed Components see equation Mow figure
Within Laded  Width
Full Modulus  of Ruptlne  Strength  of Joist
(Approximately  25 Ties Allowable Strc.ss)
Modulus  of Ehsticity  of Joist 1.2E6psi
Wood  Tldckwss of the Roof  Decking 05iO
hfoment  of In&a  of Joist (and Deck if Canposite) mm’

4.5
chavily  c4xlstmt 386.4 ink??

Notes: Theformula above assumes  one?of  the decking span between stxds  ac6 composttively  with studk
If decking b not composite with roofjoists,  input I = $ and t - 0

Roof Decking

SECTION

!I 3@)
vf, = lw’ (2 f!, + I(55  in) (1.5 wl~l(Y.w=P

= meal waght of roof decking and rooting mate&l  0
L  =  roofjoiispan(ft)
Y. = dersityofwoodiostud(lb/I?)

hm
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Bomdary  Cdticm a, 4

siplbsimple 1.4610 8.0

Fixed-med 0.8944 12.0

c

t
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Parameter Description
Peak Resslae  (p) Peak Blast Pressure  at Center of Component
SpeciRc  Impulse (i) Specilic  Impulse Applied to Center of Component
Span Length  (L) Span Length Between Supports

Parameter Value for
Example Case Below

Beam Width @I)

Ban  Depth  @)

Actual Beam Width
&koaUy  Noodttd  Width - 0.5”)
ActualBeam  Deplh
fUsnallv  Nominal  Dad  - 0.557

3.5in

1.5 ill

Loaded Width (II,)
Total Weight(W)

Wood Yield Strength (f,)

Width of Area Loaded by Blat  (Beam Spacing) 5ft

p$+W&$~~$.gS~ see equation below  figure

FullMadulusofR  tureStressofBcam
L4nom%llnatelv 2YT i i  Allowabk  De&n Stress)

Modnbls  of Blasticity  Q
Moment of Inertia 0
Gtaviw  Constent  k)

Modttltts  of Elasticity of Be%m
Moment of Inertia of Cros Section
Gmitv  Cottsmt

L2B6psi
123 in’

386.4 ill/se2

cakufarcd values

f- Roof Decking

S E C T I O N

L III4
w = l-w’  (5 ft) + K7.5 in) (3.5 in)/1441(~.)~
W’ = areal weight of roof  decking, roo6ng  materkl,  and roof joists (lm
L  =  spankngthofbeam(ft)
7.  = densityofwoodinbeam@b/ft?
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Eolmdav condifiorr, a, 4

SimpleAmple 1.4610 8.0

Fixed-Fi 0.8944 12.0
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I I Parameter Value for
Parameter Description Example Case Below

Peak Pressure (p) 1  Peak Blast Pressure  at Center of Component
Specific Impulse (i) Speci6c  Impulse  Applied to Ceota  of Component
span  Length  (L)
Colwm  Width (b)

Span Length Benveea  Sqqnn-ts I
Actual Cobmm  Widd~ 4.5 in
RJsoaUv  Nomioal  width  - 0.5")

Column  -rllickness  @I Actual Column  Depth
(Uswdly  Nomid Depth - 0.5”)

7.5 in

l.oadedwidth(b3
Total Weight(W)

Wood  Yield Sttwgth  (f,)

Widdt  of Ana Laded by Blast (Column Spacing)
Toti’oW~fw+o  Plus  Aaached  Components

Foil  bloduh~~  of Bttptm  Strmgtb  of C&mn
(Apploxbnately  25 Tiies  ABowable  Design StTes)

12ft
see eqoadoo  below figure

Mod&s of EMcity  (E) hllxlahIs  of Ebwicity  of coblma 1.2E6psi
Moment of Inertia (l-J ~tof&twtia0f  c01lmm Cnss seJ3ionResisdog 158 in

Gravity coosIaot  (g) Gravity Coastant 386.4 inlscc'

Calculated Valws

ELEVAT ION A - A

c 30
w = l-w’  (12 ft) + K4.5  in) (7.5 io)/1441(7.)l@a
W’ = ateal weight of wall.  striogas.  insuladon  which are kterally  e by column (rwft?
L = eolttmnheight(fi)
7" = deosity  of wood in column (lb/n3
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wood Exterior Columns

pbar= pb, h L’

cb’5

Simple-Simple

F&d-Fhed

1.4610 8.0

0.8944 12.0



Parameter Description
Peak Pressure (D) Peak Blast Pressme at Center of Comoonent

Parameter Value for
Example Cast? Below

Specific  Impulse (i) 1  Speci6c  Impulse  Applied to Centu  of Component ! I
1  Smaller Column LXmension (It) 1 Smaller Column Cmss  Section Dimension I 4.5 in

7.5 inI Larger Column Dimension (b) ihRt?J  Column c!nxs  sexion Dimaudon
Column  Height (I,)
Loaded Area (A,)
Supposed  Weight Per Area 0
Wood  Yield Strength  (f,)

Column Height Behveea  Latetal  Suppats
LaadedAreaSupponedbyColumn
Weight Per Unit Area of Supported  Ama
Full CornTees  &~;~S=fwh  @hmimaW 2.5

Modulus of Elasticity  Q Modtdus  of Bksticity  d cohuM 1.2E6psi
Minimum  Moment of Ineaia  0 Moment of krda  of Cross Section About Weak 57 in’

Bending Axis
Gravitv Gmvitv  Constant 36.4 inlsec’

CDfculatsd  values
bh’I=iz

fh h =4.5”

P L A N  V I E W

W’  =  total weight of roof supported  by column
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Bomdaly  condiliom Side Sway a, a,

Fixed-Simple No 0.894 20.99
Fixed-Simple Ye.5 1.410 2.41
@7.ed-FiXd No 1.410 39.48
Fixed-FiiCd Y&S 1.410 9.87
SimpleSimple No 1.410 9.87
SimpleSimple Y.3 1.410 2.41

i
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4.2 P-i Diagrams

AS stated above, P-i diagrams are the basic tool used to formulate the component blast
damage prediction method. Figure 5 shows a typical P-i diagram, which, in this particular case,
relates the response (in terms of maximum dynamic strain) of an elastic beam in flexure to the beam
properties and the applied dynamic load. The load is assumed to be uniform along the beam length
and to have a time history shaped like a right triangle (an immediately applied peak pressure which
decays linearly to zero). Dynamic response in terms of the maximum strain is calculated as follows,
using the P-i diagram in Figure 5. Based on the known  properties of the component and the blast
load, the non-dimensional terms on the vertical and horizontal axes of the P-i diagram are calculated.
Then, the point defined by these two terms is plotted on the diagram. Finally, the response (i.e.,
the maximum strain) is determined based on the strain  values of the response curves nearest the
plotted point. The multi-parameter term on the vertical axis of the diagram is referred to as the
“Ibar”, or i term, and the term on the horizontal axis is referred to as the “Pbar”, or i; term. This
method of dete.rmining  structural response with a P-i diagram is very similar to other graphical
methods used in static and dynamic structural design and analysis. The logic in the FACEDAP
program essentially follows this same process to determine component damage except that in the
code, the response curves, or damage curves, are represented with equations.

Elastic flexural  response was assumed in the development of the P-i diagram in Figure.5.
In general, a P-i diagram can be developed to consider almost any given type of structural response
(i.e., elastic and plastic response, flexural  or buckling response, etc.), any spatial load distribution
(although uniform distribution is almost always assumed), and any given load history shape. Two
and three degree-of-freedom systems can be considered. Multi-mode response can also be
considered. However, the number of variables that must be considered within the P-i diagrams
increases with the complexity of the assumed conditions. Since, all the assumptions used to develop
the P-i diagrams, such as the mode of response, the load shape, etc., affect the development of the
diagram, a P-i diagram cannot generally be used to predict response for conditions or assumptions
different from those assumed in the development. For example, a P-i diagram developed to consider
flexural  response cannot, in general, be used to consider buckling response. Also, the type of
response predicted with the P-i diagram, for example component maximum strain or ductility ratio
is, in general, tixed  by the assumptions used in the development of the P-i diagram However, it
is usually not difEcult  to develop a “new” P-i diagram which is based on the same assumptions as
an existing diagram but expresses the response in terms of a different response parameter.

The P-i diagrams were used as the basis of the component damage prediction method for
several reasons. Fit, the diagrams are a quick, graphical analysis tool for determining structural
response or damage from an applied blast load. This was important in the initial development of
the methodology prior to the BDAM and FACEDAP computer codes. Second, the response curves
in the P-i diagram can be easily transformed into a series of damage prediction equations which
can be programmed into a computer code. The simple, asymptotic shape. of the curves makes them
relatively easy to curve-fit. Finally, P-i diagrams offer a very convenient format for normalizing
different groups of component damage data, which have different properties and different applied
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P = peak blast pressure
i = positive phase blast impa
b = loaded width
1. = span length
H = beam depth
E = Young’s Modulus
I = beam  moment  of inertia
A = cross  sectional area

P E mass density

Figure 5. P-i Diagram for Ream  Responding  Ela~tidg

6 8



blast loads, so that they can be compared with each other and to theoretically predicted response
on a simple graph. This type of comparison has been used to validate theoretically developed P-i
diagrams for some components and to modify theoretical P-i diagrams for other components.

4.3 Theoretical Development of P-i Diagrams

The first step in the  development of the P-i diagrams is the task of identifying the structural
component or group of components which are of interest, and identifying all the factors which affect
the dynamic response of the component. These factors include the assumed primary response mode
of the component, the stress-strain relationship for the material(s) in the component as they respond
in the assumed response mode, the shape of the time history of the applied blast wave, the degrees
of freedom of the component, the shape function which expresses the  movement of each point on
the smtcture  in terms of the degrees of freedom, etc. In short, ah the parameters which would be
involved in a dynamic analysis of the component must be identified. The second step is the
development of the p,I, and response terms which are consistent with the assumed dynamic response.
The i and i terms must separate out the “impulse sensitive” dynamic response and “pressure
sensitive” response and they must, along with the response term, include all tire  variables which
affect dynamic response for the given assumed conditions. Impulse sensitive dynamic response
occurs when the component response is dependent only on the impulse  of the applied load and is
independent of the pressure magnitude. Pressure sensitive response occurs when the component
response is independent of the applied impulse and is only dependent on the peak applied pressure.
The manner in which a P-i diagram separates out these two response “reahns” is tiustrated in Figure
5 . In the region where the response curves are parallel to the vertical axis, the maximum  strain is
independent of the i term. Therefore. whether the impulse is high, or it is very high, the maximum
strain in tire  component is unaffected. In this region the maximum strain is determined only by the
value of the p term, and therefore it is only affected by the peak pressure and not the impulse of the
applied loading. In the region where the response curves are parallel to the horizontal axis, the
maximum strain is independent of the peak applied pressure and dependent only on the i term. All
P-i diagrams, by definition, separate out pressure sensitive and impulse sensitive dynamic response
in this  manner by considering the dynamic load only in terms of its impulse and peak pressure and
by forcing these two “load parameters” to appear separately in the vertical axis and horizontal axis
terms. This approach is the basis for the simple asymptotic shapes of the response curves.

The most convenient way to derive the i E and response terms is with an energy balance
approach. This is a convenient basis to use because the energy balance concept (i.e., energy is
neither created nor destroyed) can easily be formulated to consider only impulse sensitive dynamic
response or pressure sensitive response. The energy balance equation which applies in the impulsive
realm is shown below where the subscript 1 refers to time zero, which is taken as the end of the
load duration and the subscript 2 refers to the time at which maximum displacement occurs (Tiie
2).

6 9



K E ,  +  SE,=KE,+SE, (4.1)

KE‘ = kinetic energy at Time Zero = mv’i2  = i’l(2m) c

KE,= kinetic energy at Time 2 equal to 0, since velocity is zero at time of maximum
displacement

SE* = strain energy at Time Zero equal to 0, since zero displacement is assumed
at Time Zero

S% = strain energy at Tie 2 equal to strain energy at time of maximum
displacement

V = component velocity at end of load duration
i = applied  impulse
m = component mass

In general, the work energy is included in the energy balance equation. However, there is no work
energy term in Equation 4.1 because the assumption of impulse sensitive response, or impulsive
response, means that the applied load duration is “short enough” so that the load duration is over
before the component undergoes any significant displacement Therefore, it also true that no
resistance develops during the load duration, since no significant component displacement occurs,
and the  applied impulse is related to velocity by the time integral of Newton’s second law over the
load duration, as shown above in Equation 4.1 for the KE, ten The strain energy term in Equation
4.1 must be consistent with all the assumptions related to all the dynamic response of thecomponent
mentioned in the first paragraph of this section.

In the third step, Equation 4.1 is algebraically manipulated to solve an i term on one side
of the equation. which must include the applied impulse., and a response term on the other side of
the equation. New parameters, such as the component length, can introduced into both sides of the
equation if this ultimately simplifies the i and response terms. The i and response terms account
for all the parameters which affect the component response to the impulse of the applied blast load
because of the manner in which these terms have been developed. For convenience the i (and 5)
terms are usually formulated so as to be. non-dimensional. The derivation of the 1, p. and response
terms in Figure 5 is shown in Reference 12.

The energy balance equation which is applied to the quasistatic response, or pressure
sensitive realm, is shown below where the subscript 1 refers to the time when the load duration
begins and subscript 2 refers to the time of maximum displacement (Tiie  2). The same response
assumptions (i.e., response mode, stress-strain relationship, etc.) used to develop Equation 4.1 must
be used to develop the strain energy term in Equation 4.2 so that a consistent set of i;. t and response
terms are formulated for the P-i diagram.
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WE, + SE,=  WE&+ SE, (4.2)

WEI = the work  energy  at Tie Zero equal to 0,  since no  displacement  is  assumed
at the initial time

WE, = the work  energy  at Tie 2, qual to  the integral  of the blast  load multiplied
by the displacement  over  the component  area or  length

SE, = strain  energy  at Tie Zero equal to  0,  since zero displacement  is  assumed
at Time Zero

SE, = sfnin energy  at Time 2 equal to strain energy  at time of maximum
displacement

There  is  no kinetic  energy  term in this energy  balance  because  the two times of interest  have been
chosen  to be those  when velocity  is  xero.  In general,  Equation  4.2 is  difficult  to solve  in a closed
form  because  the time at which maxim um displacement  occurs  is  not  known  and therefore  the  load
magnitude  at maximum  displacement  in the WE,  term is  not  known.  However,  if the basic
assumption  of the quasistatic  realm  is  considered  (i.e., the load duration  is  assumed long  compared
to the natural  period,  or response  time, of the component),  then the load magnitude  can be assumed
equal  to  the peak applied  load and the WE,  term in Equation  4.2 can be formulated  in terms  of  the
maximum  applied  load and the maxim um deflection.  Equation  4.2 is  algebraically  manipulated  so
that the same response  term derived  from Equation  4.1  is  on one side of the quation  (the  strain
energy  side). The term on the other  side, which will include  the constant  applied  pressure,  is the ‘i;
term. The SE, tern in Equations  4.1  and 4.2 should  be equal because  the second  time of  interest
is  the same time of maximum  response  in  both equations.

The pair  of T and 5 terms which are asymptotes  for  a response  curve  are determined  by
substituting  the response  level of interest  into  Equations  4.1  and 4.2 and solving  for  the i and i
terms. Theiisthequasistaticasymptoteofthegivenresponsecurveandpistheimpulsiveasymptote.
For  example,  the p and i in Figure  5 which correspond  to a strain  of 0.033  are both  qwl to 0.033.
However,  the  p and i terms are not  generally  equal to each other  or  to the  given  response  level. The
exact  location  of points  on the response  curve  in the “dynamic”  region,  between  the impulsive  and
quasistatic  asymptotes,  must  be.  determined  using  Equation  4.2 without  using  the simplifying
assumption  that the load duration  is  long  compared  to the response  time of  the component. Or, in
other  words,  the points  in this region  of the response  curve  must be determined  with  a dynamic
analysis  which tracks  the dynamic  response  on a time step by time step basis. A spectrum  of  load
histories  are assumed,  which  have  the assumed shape  and durations  ranging  from  about  3 times  the
component  natural  period  to about  l/3  of the natural  period,  and the peak pressure  which  causes
the  desired  value of the response  term is  calculated  for each load history.  The dynamic  analyses
must  be based on the same set of assumptions,  such as basic  response  mode, etc., used to develop
the strain  energy  term that was used in Equations  4.1  and 4.2 to determine  the F and i terms. When
a dynamic  analysis  causes  the desired value  of the response  term for a given  load history  duration,
p andivalues  are calculated  based on the peak pressure,  the  load history,  and the  structural  geometry
and material property  terms  in the analysis. The dynamic  analyses  can be based on any convenient
dynamicsystcmwhichiscompatiblewiththeassumedcomponenttype,responsemode,s~ess-s~ain
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relationship, etc. For example, the analyses used to determine the i; and i values of the points on
the dynamic region of the response curves in Figure 5 can be calculated with a
single-degree-for-freedom (SDOF)  analysis using a wood (or steel, etc.) beam with any given length, I
cross section, modulus of elasticity, etc. as long as no yielding is allowed in the dynamic analysis
and the stiffness and load-mass factor are based on a flexural  response mode.

This process for determining the dynamic region of the P-i curves can involve some trial
and error and it not suited for use in a quick running computer program such as the FACEDAP
code. Therefore, an effort has been made to determine a general equation which fits  the dynamic
region of the P-i curves. The following expression has been shown to fit the response curves for
SDOFresponse  in both the elastic and plastic range, based on limited comparison to response curves
developed with dynamic SDOF anaIyses.

~-A)~-B)=0.4(A/2+B/2)‘5 (4.3)

A = the value of the vertical asymptote of the response curve 6 asymptote)

B = the value of the horizontal asymptote of the response curve fi  asymptote)

A comparison between the curve predicted with Equation 4.3 and points in the dynamic
region of response curves for steel beams and open web steel joists generated with a SDOF analysis
are shown in Figures 6 and 7. The points generated with the SDOF analyses are shown in the two
figures with X’s. The equations for “Pbar” and “Ibar” ($ and 1)  are those shown for these two
component types in Section 4.1. The asymptotes for these two components represent near upper
bound (in the case of steel beams) and near lower bound (in the case of open web steel joists) values
for the asymptotes for the twenty-four component types shown in Section 4.1. If Equation 4.3 is
used to generate the dynamic portion of the response curve, then only the values of the asymptotes
(A and B in Equation 4.3) need to be determined theoretically or with damage data. This equation
is used in the FACEDAP code to  calculate the p and i terms of the response, or damage, curves for
each component type.

4.4 Development of the P-i Diagrams for Each Component Type

The discussion above provides a good background for explaining the development of the
P-i diagrams for the various components that are included in the FACEDAP program. The P-i
diagrams can be developed theoretically for a given component type and for an assumed mode of
structural response, stress-strain relationship, blast load history shape, etc. as follows. First a i, i
and response term are calculated with Equations 4.1 and 4.2 or from a development in the literature
based on the desired assumptions. Then, response curves are drawn for those response levels which
are upper and lower bounds for given damage levels of interest. These curves partition the P-i
diagram into the damage regions. Table 2 shows the relationships between two response terms, the
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Figure 6. Comparison of Equation 4.3 to Pbar and Ibar Pointi for Steel Joists  Generated
with Single-Degrwf-Freedom  Analyses

73



Figure 7. Comparison of Equation 4.3 to Pbar and lbar Points for Steel Beams Generated
with Single-Degree-of-Freedom Analyses
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ductility ratio and the deflection to span ratio (w/l), and the four damage levels considered in the
FACEDAP program. This approach can involve some simplification of the actual factors affecttrig
the dynamic response of building components to blast loading.

First, it is usually assumed that there is negligible dynamic interaction between attached
building components. The theoretical P-i diagrams are based on the assumption of
single-degree-of-freedom (SDOF)  component motion. In cases where components are supported
by rigid supports, this assumption is valid. However, building components often respond as two
or three-degree-of-lkedom dynamic systems which consist of primary components, such as beams
and CO~UXIIIIS,  and the secondary components they support, such as paneling. The load on the primary
component is equal to the dynamic reaction force of the secondary component The response of
the secondary component, and therefore its reaction force, is dependent on support motion and thus
on the response of the primary component. None of this interactive effect is considered in the P-i
diagrams. Building members which make up a two or three-degree-of-freedom dynamic system
can be analyzed accurately as separate systems if the natural periods of the attached components
differ by at least a factor of two““oriftheparametersusedinthepandItermsarechosentoaccount
for the effects of dynamic interaction between attached components.

The simple assumption usually made when using the FACEDAP program is that the blast
load on primary members is equal to the blast pressure applied over the full area of the supported
members and that the inertial resistance of primary members includes resistance provided by the
total mass of all supported components. Secondary components are analyzed assuming negligible
support motion. These assumptions imply  that the secondary components respond very quickly
compared to the primary members so that when the primary  member responds, the full mass of the
secondary component provides inertial resistance. It also implies that the secondary component
has enough strength to transfer the full applied blast load without yielding. These assumptions do
not need to be. made, but no better guidance is currently available.

Secondly,aP-idiagramcanonlybeformuIatedintermsofoneresponseterm.  Traditionally,
both ductility ratio and end support rotation have been used to estimate component damage with
either one criteria or the other controlling damage (whichever is a worse case). Except where they
are modiied by the use of data points, the P-i diagrams in the FACEDAP program assume that the
ductility ratio controls damage. This approach has been taken because almost all the p and i terms
have been taken from Reference 12. where they were developed in a form compatible with a ductility
ratio type response term. It would probably be better to reconsider this approach for components
like reinforced concrete, which are usually designed in terms of allowable end support rotation”“.
This problem is also complicated by the fact that the most appropriate response parameter for some
component types may be a function of the damage level for some components.

Based on the above list of qualifying assumptions, it is obvious that the theoretical approach
has a somewhat limited  applicability. The simplest way to consider the complicating factors listed
above is to first  generate a theoretical P-i diagram which is based on the major response mode
(usually flexure) and the other assumptions listed above; plot “damage” points on these theoretical
P-i diagrams with the p and i terms calculated from the blast loads and the component properties
of the test data; label the damage points based on observed test damage; and fmally  move the
theoretical damage regions so that they overlay the measured damage at the plotted “data points”.
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In some cases the damage points fall within the theoretical damage regions and therefore “validate”
the theoretical P-i diagrams. Since the number of data points is limited, the use of theory to get the
general shape of the damage regions on the P-i diagram is necessary. The shift of the theoretical
damage curves can account for errors in the manner in which two-degree-of-freedom response is
simplified, for example, if it is taken from tests on actual buildings rather than tests on components
in rigid test frames.

This approach was taken to develop the P-i diagrams of components for which damage
data was available. These “shifts” of damage curves on the theoretical P-i diagrams are shown in
the following paragraphs, with the data points, for components which have damage prediction
equations based on shifted theoretical curves. During some of the shifts. some liberties have been
taken with the basic theory discussed in the section explaining the theoretical development of P-i
diagrams. P-i diagrams which were developed based on the assumption of flexural  response have
been shifted to match data from tests where tension membrane and compression membrane response
are known to have occurred. These shifted curves should be treated with caution and used only for
building components similar to those in the test data which was used to shift the curves until  this
problem can be corrected in a future project. In many cases, plots of damage data against the
theoreticaf  curves validate the theoretical curves. Where no damage data was available, the P-i
diagrams were developed using the theoretical approach discussed above.

Broadly speaking, the twenty-four different components can be broken into six categories.
The development of the P-i diagram for each component is discussed in the following section within
these groups.

Ductile one-way members inchiing  steel, reigorced  concrete,
and reirforced maronry  one-way members - Exterior reinforced
concrete and steel columns and reinforced masonry pilasters are
included in this group because it is assumed that damage to exterior
columns is controlled by flexural  response rather than buckling.
Steel beams and exterior columns which develop tensile
membrane response are also included in this group.

Ductile two-way members responding in flexure - This group
includes reinforced concrete and reinforced masonry two-way
members responding in flexure. Reinforced two-way components
which can develop compression membrane response are
considered separately in Group 5.

Britrle  one-way members  - This group includes all the wood
components responding in flexure and one-way unreinforced
masonry without arching.

Interior coltunns  - This group includes wood,  reinforced concrete,
and steel interior colut~s. These components are assumed to be
subjected to pure axial load.
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Steel and reinforced concretefiames  -This  group includes he typo
frame components considered in the FACEDAP program.
Damage to all interior and exterior columns and roof beams that
make up the frames is controlled by the lateral sway of the frame.

One-way and two-way masonry and reit$orced  concrete
components with both arching, or compression membrane
response, andflenval response.

These six groups are discussed below. In this discussion, damage data points from tests
where components were loaded with blast pressures are generally plotted by calculating the
appropriate p and i values from the component properties and geometry reported in test data and
reported blast load parameters. In some cases, the qualitative damage levels were directly reported
by the experimenters. However, in most cases the maximm  observed deflection was reported. In
these cases, damage levels were determined by calculating the ductility ratio using the reported
deflection and the component geometry and the criteria relating ductility ratio and damage level in
Table 2 for the applicable component type.

The equations for Pbar  and Ibar ($ and i)  on the following figures are the same as those
shown for the given component type in Chapter 4.1. The equations are not repeated here since the
primary purpose of these figures is simply to compare the P-i diagram damage curves used in the
FACEDAP program to damage data. Each component type is discussed regardless of whether
damage data has been used to shift or validate the damage curves or whether no such data has been
available. Some damage curves have been moved tiom  their previous positions during this project
as discussed below. In general, the location of the damage curves for each component type is an
evolving process which considers new damage data when it becomes available and, in some cases,
reconsideration of previous damage data

Group 1A - Ductile One-Way Members Responding in Flexure

m Separate P-i diagrams are given for steel beams responding in tension
membrane response and responding solely in flexural  response. Figure 8a shows the P-i diagram
for steel beams responding in tension membrane response plotted against data which is almost solely
from cold formed metal girts and purlins  (from 4”  to 9”  in depth) on Butler-type prefabricated metal
buildings subjected to relatively long duration blast loads (between 25 and 70 ms)t’6’.  The P-i
diagram shown in this figure is basically the same diagram used in Reference 4. Figure 8b shows
the P-i diagram for steel beams responding in flexure plotted against data which is from  laboratory
tests on determinate beams with roller supportst’71.

In Reference 16, where this data is reported, the authors analyzed  one of the metal girts
taking into account both flexural  and tension membrane or catenary  action of the girt and of the
aluminum siding spanning between the foundation and the eave strut The girts spanned horizontally
between heavy moment resisting frames and the siding spanned vertically from floor (the sill angle)
to the roof tiame  (the cave  strut) since it was observed that the movement of the girts  did not allow
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Figure 8a Comparison of Damage Data from Steel Beams Responding in Tension
Membrane witb Damage Curves on P-i Diagram
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them to act as supports for the siding. Figure 9 illustrates the concept of tensile membrane, or
catenary response. Figure 10 shows the resistance-deflection curve for the girt calculated in
Reference 16. This curve shows the response of the wall system in terms of each of its three major
response modes. The midspan yield deflection of the girt in flexure is 2”. Some allowance for
connection slip, which affects tension membrane response, was made in the analysis. It is obvious
that even at a ductility ratio of two (the lower bound criteria for 30% damage in Table 2),  which
corresponds to 4” of midspan  deflection, considerable tension membrane response is occurring in
addition to flexural  response. The damage curves in Figure 8 were originally fit through some of
the data shown in the figure. In this project more data points have been plotted which confii  the
applicability of these curves for predicting blast damage to light, flexible steel beams which can
develop tensile membrane response. Unfortunately, is not clear whether these ewes will predict
combined flexuralknsion  membrane response well for heavy steel frame members within the range
of ductility ratios that correspond to the steel beam damage categories in Table 2. A given ductility
ratio corresponds to much less deflection in these stiffer types of members and therefore, in all
likelihood, less tensile membrane response.

Tension membrane response requires the in-plane lateral support forces shown in Figure
9 . In most buildings the symmetry of the blast load provides the necessary in-plane restraint to
girts and purlins  in all but the end bays. However, in some cases, particularly in cases where heavy
steel framing components are considered, this restraint may not be available. Data which is
applicable for these cases, where otdy flexural  response occurs, is also available. Damage data
from tests of small scale steel and aluminum beams where tensile membrane was precluded by the

tinuse of roller supports  is plotted on Figure 8b . The explosive loading was applied with sheet
explosive and, since the experimenters assumed this would cause impulsive loading on the beams,
no peak applied blast pressure was measured. Therefore, the data is plotted in terms of its i value
and it is assumed to have a large 5 value. The data is plotted in terms of damage level, which is
based on the reported midspan  deflection, and the criteria relating ductility ratio to damage level
for steel beams in Table 2. As Figure 8b shows, this data matches the theoretically predicted damage
curves for a beam responding in flexure.

In summary, two sets of data are presented withdatapoints  from beams in tension membrane
response and in only  flexuralresponse. The curves shown in Figures 8a and 8b are those incorporated
into the FACEDAP code for steel beams with and without tension membrane response. The P-i
diagrams for steel beams are relatively well validated for the case of light, flexible steel beams. It
is not known if the P-i diagram which includes tension membrane response is applicable for steel
members which differ significantly from this type of beam. The i; and i terms on the P-i diagram
are not formulated to take into account strain energy absorbed during tensile membrane response
and, therefore, the implicit manner in which this strain energy is accounted for by shifting the
theoretical damage curves may not apply to other types of steel beams in tensile membrane response.
This factor, and the fact the it is less likely that larger steel framing components would have adequate
lateral support restraint necessary to develop significant tensile membrane response, suggest that
major steel framing components should probably be considered to have no tensile membrane
response in this methodology. A recommended improvement of this methodology is to derive the
5 and i terms to explicitly consider tensile membrane response occurring during beam response to
blast load and replot  the data using the new terms. It is quite possible that the damage data will
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validate the theoretical damage curves for this case and then these curves could be used with some
confidence to predict damage to larger steel beams during tension membrane response due to their
theoretical development.

nor Colw - Exterior columns are assumed to be damaged primarily during
flexural  response to lateral blast load applied over the wall area supported by this component.. The
columns also support some roof area so that they are also loaded axially. Unfortunately, the
consideration of beam-column response is outside the scope of the current blast damage assessment
methodology in the FACEDAP  program. Therefore, damage must either be based on lateral loading
or axial loading acting alone. Lateral loading is assumed to cause the greater damage for two
reasons. Fist, lateral blast pressure on the wall area supported by the column is a reflected pressure
in many cases whereas blast pressure on the roof is always less intense side-on pressure. Secondly,
exterior columns are typically  not sized to resist axial load or to resist lateral load only as part of a
moment resisting frame. Therefore, they are not usually sized to resist significant lateral load as a
vertical beam. When exterior columns are part of moment resisting frames, damage due to frame
sway is calculated separately using the steel frame component type as discussed below.

Since this component is essentially a vertical beam, it is considered similar to steel  beams.
The parameters in the i; and I terms in the P-i diagram for steel beams are equally applicable to a
laterally loaded exterior steel column. Therefore, the same damage curves as those discussed above
for steel beams are incorporated into the FACEDAPprogram  for this component. It is recommended
for now that tension membrane response should be assumed with caution for exterior steel columns
since these components are typicahy  large framing components. The reasons for this are discussed
in the previous section on steel beams.

m - This component is presented next because, like the steel beams,
there are a relatively large number of available damage data points. The data was generated from
testing described in Reference 18. Three span continuous corrugated metal panels were attached
to steel support beams spaced at 5 ft with puddle welds. The steel beams were attached to large,
box-like test structures. Panels ranging from 16 gage to 20 gage, with rib heights from 4”  to 1”.
and with both open and closed hat type cross sections were subjected to peak blast pressures between
0.3 psi to 15 psi. Damage data from the tests described in Reference 18 is plotted in Figure 11
along with theoretical damage curves based on elastic, perfectly-plastic flexural  beam and the
correlation between limit ductility ratios and damage levels for corrugated metal decking in Table
2. The plotted data points in Figure 11 show that the measured blast damage of corrugated metal
panels is welI predicted by the theoretical damage curves. Therefore, these damage curves have
been incorporated into the FACRDAP  code. This represents a significant change from the previous
damage curves for corrugated steel deck, which were the same as those in Figure 8a.

The form of the j and I terms has also been changed slightly for this component type. The
section modulus used in the i and i terms has been changed from the plastic section modulus to the
elastic section modulus. This change was made partially for practical reasons, since the plastic
section modulus of corrugated metal decking is rarely reported, and also because local buckling in
the compression flange typically precludes substantial plasticity all the way through the thickncssuol.
Such through-thickness plasticity is implied in the use of a plastic section modulus.
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L&&&&&&  - The preexiStirIg  P-i diagram for this COmpOnCnt  type predicted damage
based the damage curves shown in Figure 8a for steels beams responding in tensile membrane.
Since studs are usually attached to ru~crs  which are only  intermittently nailed and screwed mto
floor slabs and overhead beam, it is assumed that the typical supports for metal stud walls cannot
provide the in-plane lateral restraint necessary for significant tensile membrane response to develop.
The theoretical damage curves corresponding to pure flexural response are judged to be better
predictors of blast damage than the previous curves which are based on data that included tensile
membrane response until  more blast damage data becomes available. The data discussed above
for steel beams and corrugated metal deckindicates that the theoreticaldamage curves are reasonable
for one-way steel members responding in flexure. Therefore, the new P-i diagram curves
incorporated into the FACEDAP program are similar to those shown in Figure 11. The plastic
section modulus in both the p and i terms has also been replaced with the elastic section modulus
for reasons similar to those discussed above for corrugated metal deck.

Q&W&&&& - The preexisting P-i diagrams for open web steel joists required
that the user calculate blast damage caused by both flexural  response and buckling of the critical
web member near the support. The P-i diagram for flcxural  response had pressure and impulse
asymptotes which were between five and ten times greater than those of the theoretical damage
curves. This was due to two assumptions used in the development of the previous curves. Fit, it
was assumed that available data on blast damage to steel beams, which included tensile membrane
response, was applicable to open web joists. Secondly, it was assumed that corrugated paneling
over joists would sustain more blast damage from a given explosive threat than the joists. The latter
assumption led to the especially large increase in the damage curve asymptotes compared to
theoretical values since such an increase was necessary to cause calculated panel damage to exceed
that calculated for joists in typical buildings. Both these assumptions are now considered
nonconservative, especially considering the fact that there is no data to support them. This is
reinforced by recent observations of blast damaged structures made by SwRl engineers, where it
was not uncommon for joists to sustain more blast damage than the overlying panels. The joists
are designed to resist the expected roof loads whereas the paneling is often sized according to a
conservative minimum thiclmess  and rib height requirements. The theoretical damage curves for
open web steel joists responding in flexure with an elastic, perfectly-plastic yield criteria have now
been incorporated into the FACEDAP program. Also, the second damage mode which was
previously considered, web buckling, is no longer considered because open web joists are almost
always sized for static design so that their capacity is controlled by flexural  response.

One-W&& - Data is shown in Figure 12 from tests performed
by the U.S. Navy on one-way reinforced concrete slabs. Six inch thick reinforced concrete slabs
were loaded with peak blast pressures between 1 psi and 7 psi. In general, severe damage was
observed. This data is plotted in Figure 12 with i; and T values calculated from  the slab properties
and geometry and the measured blast load parameters. The data is described qualitatively as shown
on the figure.

The data is plotted against theoretical damage curves for teams with an elastic,
perfectly-plastic yield criteria responding in flexure at the limit ductility ratios for tbis component
shown in Table 2 for the four damage levels. The high, medium, low, and “collapse” levels of
protection shown in Figure 12 are roughly equivalent to the 0%,30%, 60%  and 100% damage
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levels. These damage curves are those of,the  existing  PLi diagram for reinforced concrete  one-way
slabs. Figure 12 shows that the 100% damage level corresponds with the test data described as
collapsed, or near collapse, and the 60% damage level corresponds with the limited  test data
described as severe. Since, the limited data seems to correspond well with the theoretical damage
curves shown in Figure 12, these curves are used for reinforced concrete one-way slabs, and for
other similar components described below, in the FACEDAP program. Since these are the
preexisting damage curves developed during previous work for the Corp of Engineers, this does
not represent any change.

One-  WavReinforcedMasonn,  - This component is considered identical to a one-way
reinforced concrete slab since it resists applied load in the same manner. The parameters in the p
and I terms in the P-i diagram for a one-way reinforced concrete slab are equally applicable to
reinforced masonry walls except that masonry  compressive strength is considered rather than
concrete compressive strength. Therefore, the theoretical damage curves shown in Figure 12 for
one-way reinforced concrete slabs are incorporated into the FACEDAP program for this component.
This does not represent any change in the P-i diagram for this component.

Reinforced - This component is considered similar to one-way reinforced
concrete slabs since it resists load in essentially the same way. The parameters in the 5 and i terms
in the P-i diagram for one-way reinforced concrete slabs are equally applicable to reinforced concrete
beams. Therefore, the theoretical damage curves for one-way reinforced concrete slabs are
incorporated into the FACEDAP program for this component This does not represent any change
in the P-i diagram for this component No dynamic interaction between slabs supported  by reinforced
concrete beams, such as that which would occur in a two-degree-of-freedom system, is explicitly
considered in the P-i diagram. The usual assumption is to assume that the slab transfers the full
blast load over the supported area into the beam and the mass of the slab over the full supported
area adds to the inertial resistance of the beam.

ere  Pre - The existing P-i diagram for this component was
developed during the work described in Reference 4. Prestressed  beams resist load in a similar
manner as reinforced concrete beams and one-way reinforced concrete. beams, especially when the
steel stress is near yield, or has yielded. No data for the response of prestressed beams or slabs to
blast loading was located at the time the P-i diagrams were developed. However, based on the good
comparison between theoretically developed damage curves and limited blast response data plotted
in Figure 12 for conventionally reinforced concrete members, it is probable that the theoretical
damage curves for prestressed concrete beams are also realistic. The parameters in the Tj and i terms
in the P-i diagram for one-way reinforced concrete. slabs are applicable to prestressed concrete
beams except that some of these parameters are calculated using the equations forprestressed  beams
in Reference 10. These formulas are shown in Section 4.1 in the P-i diagram for presnessed  beams.
With these modifications, the same theoretical damage curves discussed above for one-way
reinforced concrete slabs are incorporated into the FACEDAP program for this component. This
does not represent any change in the P-i diagram for this component.
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- As discussed above for exterior steel columns,
exterior columns are assumed to be damaged primarily during flexural response to lateral blast load
applied over the wall area supported by this component, Since this component is essentially a
vertical beam, it is considered similar to one-way reinforced concrete slabs and reinforced concrete
beams. The parameters in the p and I terms in the P-i diagram for a one-way reinforced concrete
slab and a reinforced concrete beam are equally applicable to a laterally loaded exterior reinforced
concrete column. Therefore, the same theoretical damage curves discussed above for one-way
reinforced concrete slabs and reinforced concrete beams are incorporated into the FACEDAP
program for this component. This does not represent any change in the P-i diagram for this
component.

Masonn, - Masonry pilasters are assumed to be reinforced in the same manner
as reinforced concrete columns with the exception that the reinforcement is surrounded by grout
and masonry brick or block rather than concrete. Pilasters are also assumed to be exterior building
components. Therefore, they are assumed to be damaged primarily  during flexural  response to
lateral blast loads applied over the  supported wall area based on the same reasoning discussed above
for exterior reinforced concrete columns. The parameters in the i; and 1  terms in the P-i diagram
for exterior reinforced concrete columns are also applicable to reinforced masonry pilasters except
that masonry compressive strength is considered rather than concrete compressive strength.
Therefore, the same theoretical damage curves as those discussed above for both exterior reinforced
concrete columns and one-way reinforced concrete slabs are incorporated into the FACRDAP
program for this  component. This does not represent any change in the P-i diagram for this
component. If a masonry pilaster is not located in a building wall, and only provides support to the
roof, then it should be considered an interior reinforced concrete column and the P-i diagram for
an interior reinforced concrete column should be used to calculate blast damage with masonry
compressive strength substituted into the F and i terms for concrete compressive strength.

Group 1B  - Ductile Two-Way Members Responding in Flesure

- The P-i diagram for this component
was developed during the  project described in Reference 4. The 5 and i terms of the P-i diagram
are taken from Reference 12. As shown in this reference, these terms are equal to tire  maximum
shearing strain in the comer of a plate divided by the von Mises yield strain  for quasistatic  and
impulsive loading, respectively. The p and i terms were calculated in this form because it is assumed
in Reference 12 that a full  plastic mechanism forms in a plate when the shearing strain in the comer
equals the von Mises yield strain. This is somewhat different than themore  typical assumption that
a fully plastic mechanism forms in a ductile plate when bending strains have exceeded yield along
all assumed yield lines in the plate nO*‘sl . No work has been done to look into what effects these
different assumptions have on the P-i diagram for this component The damage curves for this
component are theoretical curves calculated for the limit ductility  ratios in Table 2 for each damage
category. The strain energy was calculated using an ultimate  resistance calculated with yield line
theory rather than with  the approach used in Reference 12. Damage data from explosive testing
was only available from tests where arching is assumed to have occurred when the P-i diagram for
this component was developed. These  data points are shown later in this section in Figure 19. A
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comparison between the damage curves for reinforced concrete two-way slabs. with and without
arching in Section  4.1 shows that there is not much difference between them. No change has been
made to the preexisting P-i diagram for this component.

Wav W&J- It is assumed that reinforced masonry and reinforced
concrete resist lateral load in essentially the same manner. Also, the parameters in the p and i terms
in the P-i diagram for two-way reinforced concrete slabs are equally applicable to reinforced masonry
walls except that masonry compressive strength is considered rather than concrete compressive
strength.  Therefore, the same theoretical damage curves as those discussed above for two-way
reinforced concrete slabs are incorporated into the FACEDAP program for this component This
does not represent any change in the P-i diagram for this component.

Group 2 - Brittle Components Responding in Flexure

4yood  Wm - Figure 13 shows damage data from wood roofs and wood
t“rwalls loaded with an applied blast load . These tests, which applied long duration blast loads to

simulate nuclear blast effects, were conducted on standard construction and “strengthened”
two-story wood frame houses at the Nevada Test Site. The component type “wood walls” in the
FACEDAPprogram  refers to the composite section of the wall stud and exterior or interior sheathing
which acts with the stud to resist lateral load. This requires that the sheathing is well nailed to the
stud and that is continuous in along the length  of the stud. One half the conventional 16” spacing
between studs is considered as the effectivewidth of the sheathing for calculating sectional properties
for the composite section. This is an approximate value based on the fact that this width is typically
close to four times the stud width. The component type “wood roofs” includes both a typical roof
joist and the effective width (usually assumed equal to one halfthejoist spacing) of plywood decking
attached to the roof. In the  tests shown in Figure 13, the inner plaster and lathe wallboard nailed
to the wall stud were considered in the composite wall section. The walls also had tongue-in-groove
type exterior sheathing which added to the mass of the walls, but was not included in the section
properties because it was not continuous. The wood roofs included both the roof joist and the 318
inch plywood deck nailed to the joists.

The blast damage was reported in Reference 19 in terms of percent damage to each major
component of the houses. This information was used to assign the damage categories shown in
Figure 13. The full yield strength (modulus of rupture) of the wood was assumed to be 10,000 psi
and Young’s modulus was assumed to be 1.4E6  psi per values reported in ASTM D143  for small
(2W”)  fir and pine specimens at 12% moisture. Tests on small specimens generally overestimate
the strength of a larger specimen, but high quality lumber was used and it is conservative to
overestimate the wood yield strength when plotting damage data which will be used to fit the P-i
diagram damage curves. The member sizes are assumed to be l/4  inch less than the nominal sixes
called out in the drawings in Reference 19 based on standard sizing used at the time of the tests.
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Figure 13. Comparison of Dama e Data from Blast Loaded Wood Houses to P-i Diagrams
for Wood 8omponents  Responding in Flexure
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Damage categories are fit based on the data and based on the fact that theoretically  the ij
and i terms for a given ductility ratio are equal. The latter fact is based on the development of the
T and i terms. The preexisting p and i terms for all wood components responding in flexure.  were
equal to those shown in Figure 5. These have been divided by the static yield strain to get the current
p and i terms. This change was made in order to normalize the data used to generate the P-i diagrams
so that it will be representative for wood with different yield strains. A 5 and i value of 1 .O represents
dynamic strain equal to the static yield strain. The plotted data indicate that the dynamic strain at
100% damage is approximately twice the static yield strain. This may be reflecting a dynamic
increase factor in the yield strain and more support restraint than that provided by the simple support
conditions which were assumed. The damage curves shown in Figure 13, and the new 5 and i terms,
are incorporated into the FACEDAP program. These damage curves are significantly different
from the previous curves in that: 1) they predict more damage based on a more conservative
interpretation of the test data from Reference 19;  2) they have new p and i terms as discussed above;
and 3) wood walls and wood roofs have identical damage curves. Previously this was not the case.

m - This component is considered to be similar to wood walls and wood roofs
since it is constructed in a similar manner and it resists load in essentially the same manner. The
parameters in the ‘i; and 1  terms in the P-i diagram for wood walls and roofs are also applicable to
wood beams. Usually the component type wood beams is used for a framing member which supports
joists. Therefore, the sectional properties for wood beams that are used in the i; and I terms do not
usually include the area of any attached sheathing or decking. The same damage curves discussed
above for wood walls and roofs are incorporated into the FACRDAP program for this component.
This is a change in the P-i diagram for this component because, previously, damage was predicted
with a simple fail/no fail criteria based on the preexisting 100% damage curves for wood walls and
wood roofs.

m - As explained above for exterior steel columns, exterior columns
in this blast damage assessment procedure are. assumed to be damaged primarily during flexural
response to blast pressure acting on the wall area supported laterally by the column. Based on this
assumption, this component is similar to wood walls and wood roofs since it is essentially a vertical
beam. The parameters in the p and I terms in the P-i diagram for wood walls and roofs are also
applicable to exterior wood columns. Usually any composite action with attached wall sheathing
is ignored because., unlike a wall stud or roof joist, the larger column cross sectional properties are
not significantly increased by the effects of attached sheathing. The same damage curves discussed
above for wood walls and roofs are incorporated into the FACRDAP  program for this component.
This is a change in the P-i diagram for this component because, previously, damage was predicted
with a simple fail/no fail criteria based on the preexisting 100% damage curves for wood walls and
wood roofs.

pne-wcv  Lrnreinforced  (No  A,&& - The previous P-i diagram for this
component was developed during work summarized in Reference 4. This diagram, which assumes
one-way flexural  response, has only a fail/no fail damage curve as would be. expected for a brittle
component with very little strength. It would be expected that this damage curve should correspond
to a ductility ratio of 1.0 which occurs when the peak dynamic flexural  stress is equal to the tensile
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strength of the bond between the mortar ,and rMsOtlly  block. The pressure asymptote in the
preexisting P-i diagram is consistent with this expectation but the impulse asymptote was only
one-fourth the expected value. Figure 14 shows data collected from blast loaded masonry walls.
Since there are no data to support the low value of the impulse asymptote, this asymptote has been
increased to the theoretical value corresponding to a ductility ratio of 1.0 in the FACEDAP program
The previous pressure asymptote has not been changed since the data in Figure 14 indicate that it
predicts measured blast damage well.

Group 3 - Interior Columns

B’ood.  Steel.rior  Calm - The P-i diagrams used for
calculating blast damage to these components in the FACEDAP program are unchanged from those
originally developed in the initial work for NCEL t3r . The P-i diagrams for these three component
types, which are essentially identical, were taken from Reference 12. A single fail/no fail damage
curve (0% damage/lOO% damage ) is shown for these components. In Reference 12, the derivation
of the i; and 1  terms is presented. It shows that the p term at the pressure asymptote is equal to the
classic Euler buckling formula for unstable buckling. Therefore, the dynamic failure load predicted
by the damage curve for a long duration blast wave is equal to that which would be predicted with
a static analysis based on the peak applied blast pressure applied over the full area supported by the
column. The i term is a stable buckling term. It is calculated using Equation 4.1 where kinetic
energy which occurs during axial shortening is set equal to strain energy absorbed in flexure. Axial
shortening is assumed to cause corresponding lateral deflection of the column, in a sine wave shape
between inflection points, because of some slight eccentricity in the applied axial load. The impulse
asymptote of the fail/no fail curve in the P-i diagram corresponds to yield of the outer fiber  of the
column in the maximum moment region. Thus, the impulsive asymptote is conservative for ductile
members such as reinforced concrete and steel columns.

Group 4 - Frames

p - The P-i diagrams used for calculating blast damage
to frame components in the FACEDAP program are also unchanged from those originally developed
in the initial work for NCBL. The P-i diagrams for these two component types, which are essentially
identical, were developed in Reference 3. This development, which is heavily based on design
criteria for steel frames in Reference 10, is shown in the Appendix of Reference 3. The i and I
terms were determined by setting up the energy balance described in Equations 4.1 and 4.2 and
algebraically manipulating the terms until one side of the equation was only a function of the ductility
ratio. The stiffness and u.Itimate resistance reqired  in the strain energy term in the energy balance
equations are generally complex terms. In order to simplify these terms, and therefore simplify the
p and i terms, the following assumptions were made: 1) the columns in the frame were weaker than
the beams and, therefore, yield of the columns controls the frame ultimate resistance; 2) the base
of each frame column is a pinned connection; 3) the span to height ratio in each story of the frame
is approximately’l.0;  4) elastic strain energy absorbad  by the frame prior to yield is negligible
compared to the strain energy absorbed after yield; and, 5) the incident pressure acting on the back
side of the frame (away from the charge) could be conservatively ignored. Theoretical damage
curves were initially calculated based on the ductility ratios shown for frames in Table 2. Based
on limited data for steel frames in light Butler buildings subjected to blast loading, the theoretical
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curves were shifted upwards, so as to predict less damage for a given value of i and i, by about
40%. This shift may not have been necessary if assumption No. 5 listed above was not made since
the incident pressure acting on the far side of the frame, away from the explosive charge, reduces c
the response and blast damage compared to that which would otherwise be calculated.

Figure I5 shows additional data points plotted for steel frames in light Butler buildings
subjected to peak blast pressures between 20 psi and 2 psi. These data are rep0rte.d  in References
16,20,  and 21. The damage is plotted in terms of the reported frame sway deflection, which is
converted to a ductility ratio and assigned a damage level based on the criteria for frames in Table
2. The data points marked F and Z are approximate since it is not known how much reflected blast
pressure the asbestos siding on the buildings transmitted into the r5ame  prior to its failure. Based
on the observations reported in the references, the siding failed very quickly (within 6-10
milliseconds).

The plotted data in Figure 15 assume that no reflected bIast pressure was transmitted into
the frames, as is hypothesized in References 20 and 21, and only the dynamic blast pressure acting
over the presented area of the frame is used as the load when calculating the p and I values for these
two data points. It is quite possible that the aCNd  p and;  values for these two points are larger than
those shown in Figure 15 but it is nearly impossible to estimate the applied load with any certainty.
In any event, the plotted points generally support the previous damage curves and, therefore, they
have not been changed in the FACEDAP program.

There is one modification  to the approach used previously to calculate total damage to
frame components. Rreviously,  damage to beams and cohtrnns  in frames was equal to the sum of
the damage levels, expressed as a fraction rather than as a percentage, calculated for the components
responding in flexure or in pure axial response between their supports and the frame as a whole.
This has been modified  during this project so that both types of damage are still considered for each
frame component, but they are considered separately. The building damage is calculated first,
assuming all components in the tie respond as individual beams, exterior cohnnns,  etc. and then
it is recalculated without considering any of the frame components individually and considering
the entire frame as a single component. The more severe calculated building damage controls. This
change was based on the reasoning that frame damage and flexural  response damage to individual
frame members do not typically add. This assumption is based on the following reasoning. First,
it is assumed that frame damage occurs primarily to frame columns and, therefore, any addition of
the two response modes would occur  in the columns. However. for the exterior columns, frame
sway implies that the top of the frame moves significantly compared to the base and, therefore, the
top is not acting as the rigid support necessary to develop signiflcant  flexural response. For interior
cohrrnns,  tinme  sway may increase the tendency for column buckling, depending on when the 6ame.
sway occurs in time relative to the peak axial force in the column. Beam-column response, though,
is not considered in the component damage calculation procedure in the FACEDAP program
Therefore, damage is assumed to be caused by the worse case of frame damage and flexural/buckling
damage to frame components responding as individual members.

CI
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Group 5 - Masonry and Concrete Components with Arching

The components in this group are: 1) Two-Way Unreinforced Masonry Walls, 2) One-Way
Unreinforced Masonry Walls with Arching, and 3) Two-Way Reinforced Concrete Walls with
Arching. The existing P-i diagrams for these three component types were developed during the
project described in Reference 4. The damage curves on the P-i diagrams for these components
are intended to account for the effects of compressive membrane response, which is known to
increase the strength and therefore reduce the damage of reinforced concrete and masonry
components. Compressive membrane response, which is illustrated in Figure 16 and discussed in
detail  in Reference 22, will occur if all outward lateral movement is prevented at the supports of
concrete and masonry components.

The i and 5 terms in the P-i diagrams of the components in this group are taken from
Reference 12, where they were developed using strain energy expressions which only considered
flexuralresponse. Therefore, the P-i diagrams do not inherently account for compression  membrane
response. The approach taken was to try to place damage curves on the P-i diagrams  at a location
when these curves will represent the damage occurring during compression membrane response,
the methodology explained next.

Equations 4.1 and 4.2 were used to set up energy balances in the quasistatic and impulsive-
loading realms which  included strain energy absorbed during compression membrane response..
This strain energy was calculated for reinforced concrete components using criteria in Reference=
22. It was calculated for unreinforced masonry components assuming a roughly hiangular shaped
resistancefunctionwhichpeaksataverysmaUdeflection(approxirnately0.OO1  timesthethickness).
Then, these equations were solved so that an input peak pressure and impulse would cause dynamic
responsl  which had a ductility  ratio equal to limit values at the four damage levels shown in Table
2 for the components. A typical set of component pro@es and component geome@y terms were
used in the equations. Next, 3 and i values were calculated for each limit ductility ratio using the
component properties and geometry and blast load parameters used in each equation to cause the
given ductility ratio. These 5 and;  values were then plotted as the asymptotes for the damage levels.

The general problem in this  approach is  that the strain energy term used in the above
approach is relevant for compressive membrane response whereas the  i and i terms, which are
calculated based on the two equations which include the compression membrane strain energy term,
only include terms related to flexural  response. Thete  is considerable overlap between the material
and geometical  propert& which affect compression membrane  response and flexural  response,
but they are not identical. This leads to the problem, for example, where the i value used as a new
asymptote for the damage curves which account for compression membrane response is influenced
by the bending stiffness (EI), whereas the s-energy  absorbed in compression membrane response
is not directly affected by bending stiffness. If a set of component propertks  with a high bending
stiffness is assumed in the above approach, the impulse asymptote may be much less than it would
be if a set of component properties with a low bending stiffness  was assumed even though the ability
of both sets of component properties to resist impulsive loading in compression membrane response
may be nearly equal. The solution to this potential problem, which is thought to be worse for the.
impulsive asymptotes, is to use the energy balance expression which includes the compressive
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Figure 16. Compression Membrane Response



membrane strain energy term to generate newt  and i; terms. When this approach is taken, the i and
p terms will include terms properly accounting for the influence of compression membrane on
component response. Situations where the tensile strength of unreinforced masonry, which affects
its flexural  response, is an input into a P-i diagram which determines blast damage when the masonry
is responding in compression membrane response will also be avoided.

(

Qne- Wav  - Figure 17 shows the existing
P-i diagram for this component plotted with data points from blast tests on unreinforced one-way
masonry walk in rigid test framesma’.  The fram e rigidity is assumed to have allowed compression
membrane response to occur. Tbe testing was performed on 10 inch thick walls loaded with short
duration blast loads with peak pressures between 15 psi and 120 psi. Damage was qualitatively
described as shown on the figure. The measured maximum deflections ranged between 0.5 inch
and 4 inches. The damage curves on the diagram are those obtained using the procedure described
above. The high, medium, low, and “collapse” levels of protection shown in Figure 17 are roughly
equivalent to the 0%  30%.  60% and 100% damage levels. Figure 17 shows that the data fits
relatively well in the  pressure sensitive region, near the top of the graph, assuming that the four
qualitative damage descriptions are roughly equivalent to the four damage levels. The fit is not
quite as good in the dynamic region. The damage curves shown in Figure 17 are those  included in
the FACEDAP program.

C - Figure 18 shows the existing P-i diagram
for this component plotted with data points from blast tests  on unreinforced two-way masonry walls

l”linrigidtestframes  . The testing was performed on 8 inch thick walls loaded with  relatively long
duration blast loads with peak pressures between 3 psi and 15 psi. Damage was Qualitatively
described as shown on the figure. The damage curves on the diagram are those obtained using the c

procedure described above. Iris important to noie  that  although  the component type name does
not specifically mention arching, arching is always assumedfor this  component in the FACEDAP
program based on rhe  high likelihood that a typical two-way unreinforced masonry wall will be
framed by an overhead beam and columns either side which provide the necessary lateral
confinement. The high, medium, low, and “collapse” levels of protection shown in Figure 18 are
roughly equivalent to the 0%. 30%. 60% and 100% damage levels. Figure 18 shows that the data
fit relatively well in the pressure sensitive region, near the top of the graph, assuming that the four
qualitative damage descriptions are roughly equivalent to the four damage levels. No data were
available for the dynamic or impulsive regions of the diagram. The damage curves shown in Figure
18 are those included in the FACEDAP program.

Two-WavReinforced-Figure 19showstheexistingP-idiagramfor
this component plotted with data points from blast tests on reinforced concrete two-way walls in
rigid test frames[“l. The testig  was performed on 3 to 6 inch thick walls loaded with relatively
long duration blast loads with peak pressures between 3 psi and 100  psi. Damage was qualitatively
described as shown on the figure. The damage curves on the diagram are those obtained  using the
procedure described above. The high, medium, low, and “collapse” levels of protection on Figure
19 are roughly equivalent to the 0%,30%,  60% and 100% damage levels. This figure shows that
the data fit the damage curves well assuming that the four qualitative damage descriptions ar,e
roughly equivalent to the four damage levels. The damage curves shown in Figure 19 are those
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included in the FACEDAP program. It is interesting that this P-i diagram is almost identical to the
P-i diagram in Section 4.1 for two-way reinforced concrete without arching.

5.0 COMPONENT DEPENDENCIES

After all component damage has been determined on a component-by-component basis
using the P-i diagrams described previously, secondary component damage is considered based on
component “dependencies”. The “dependencies” of eachcomponent are the list of other components
which support the given component. Some components are only supporting components, and
therefore have no dependencies. The dependencies are used in the blast damage assessment
procedure in the FACEDAPprogram  only ifone  of the supporting components sustains 100% blast
damage and the calculated damage of the supported component is less than 100% damage. In this
case, the  procedure increases the damage level of the  supported component to 100%  damage. This
is based on the reasoning that 100% damage of the supporting component precludes it from providing
the assumed support and this causes the supported component damage to also sustain 100% damage.
This type of secondary failure is also referred to as “cascading” failure. Since, the supporting
components arc typically designed to be at least as strong (compared to their loaded area and span)
as the supported components, the dependencies are usually never used. A notable exception to this
general rule is the case of corrugated metal decking over closely spaced open web steel joists. The
decking is often suong  for its short span compared to the open web steel joists.

5.1 Non-Frame Component Dependencies

Tables 3 and 4 describe the rules used by the Preprocessor to generate dependencies. In
these  tables, the supported component is called the Dependent Component and the supporting
components are called the Independent Components. These tables show how the twenty-four
components are divided into five groups, called “dependency types”. A dependency is calculated
if one out of eight different dependency rules called out in the tables is satisfied. These rules allow
dependencies based on: 1) the dependency type of the dependent component, 2) the dependency
type of the independent component, 3) the location of the dependent and independent components
(in a building wall or roof), and 4) matching endpoints, or midpoints, of the independent and
dependent components. “Matching” means that the  points are not more than 1 ft from each other.
This tolerance distance was chosen since it would be very unusual for the input endpoints of any
components in a typical building which do not comtect with each other to be within 1 ft. In some
cases there are two candidate independent components which satisfy one of the eight rules. In this
case, priority is given to the Dependency Type 3 component

In addition to the “primary” dependencies described in the preceding tables, “secondary”
component dependencies are also calculated. An example of a secondary dependency is a case
where Component A is dependent, or supported by Component B and Component B is dependent
on Component C, A secondary dependency exists between Component A and Component C which
is calculated automatically by tbe FACEDAP program. A potential problem with the automatic
procedure in the FACEDAP program is that a wall component (Component A) can be laterally
supported against blast loading by a roof component (Component B) which is supported vertically
on a component in the opposite wall (Component C). The secondary dependency for this case is
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Dependent
Component

TW
1

2

5

3

Table 3. Rules Used in FACEDAP Program to Calculate Component Dependencies*

*Bolded  numba  in table  reprscnt  diffenxt  roles explained on  next page.

L4Jcatlnn  cast Descriph
1 Both dependent and independent wmponents in same wall  a rcof mea.
2 Dependfflt  and independent compooco~ in adjacent wall areas.
3 Dependent component  in a wall  am and independmt  component in am adjacent roof  ama.
4 Dependent component in rt roof  am and ikpcndent annpownt in an adjacent wall  area.
5 Dependent and independent conpnenuinadj!Kentroof-



Table 4. List Showing the Ykpendency  Type” of Each Component

Component Dependency Type
Concrete Reinforced Beam 3 (
One-Wav Reinforced Concrete Slab 1
Two-Way Reinforced Concrete Slab
Exterior Reinforced Concrete  Column
Interior Reinforced Concrete Column
Resaessed  Concrete Beam

Metal Stud Wall I I
Onen Web Su?el  Joists 3

Role Number DWXipd0n

1 An endpoint  of dependent compottmtt  must march au endpoiit of independent component
2 An endpoint  of dependent wmpwwt  must lie along we side. of a Type 2 indepexlent  component

but not within  the  tokmuce  dismuce of a comer.
3 A midpoiot  ahmg a side of depeodeut  wmpment must match a midpoint  along  a side of

inaependent  ccunpwent
4 An endpoiit of a Type 1 component must match a mid@t  along  a side of a Type 2 component
5 A midpoii along  a side of dependent Type  2 wmpwent  must match a midpoint along a Type 3 or

4 iudependent  cotnpooent
6 Au endpoiit of the dependent Type 3 component must match the (K&J  point  of the independent

Type 5 compottem
7 A comer  point of the. dependent Type  2 component must match the (roof)  point of the  independent

Type 5 compottent.  Tbis  applies only to the case of a flat slab. The FACEDAP  code first looks
for two way roof slabs to be depeudent  011 beams (* walls  and, if the maximum four dependencies

annotsatisfiedgoesbacLtoconsiderthccasediscussedbrre.
a An en

ti%
int of Type 3 dependent component must lie along a Type 3 independent component, but

not wt a tolerance distance of either endpoint.
9 A0  endpoiit of

v
1 or 3 dependent competent  must lie along a Type 3 or Type 4 independent

component anyw em between the endpoints of independent component.
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that a component in one wall (Component A) is dependent on, or supported by, a component in an
opposite wall (Component C), which makes no sense. The logic in the preceding tables is designed
to preclude the calculation of “primary” dependencies which will lead to this situation. As a
consequence, roof components providing lateral support to the top of the wall components are not
included as independent components except for some special cases where it is known that this potential
problem will not occur.

5.2 Frame Dependencies

Frame dependencies are calculated based on the assumption that the column and beam
members of the frame provide either primary or secondary support to all components within the loaded
width of the frame. For frames with 100% damage, the FACEDAP program changes the damage of
all components within the loaded width to 100% damage if a lesser damage level was calculated for
these components due to direct  blast loading. The loaded width is the same value input into the P-i
diagram for the frame component.

6.0 BUILDING DAMAGE CALCULATIONS

In buildingvulncrabilityanalyses,fourbuildingdamagetgmsarccalcula~withsummation
procedures that take into account the damage calculated for each building component These four
~SIWW%XS  are: 1) the percentage of building damage, 2) the replacement factor, 3) the percentage of
reusable building floor without repair, and 4) the building level of protection. They are discussed  in,
the next four subsections. They are approximate because they are based on component damage that
is calculated with approximate procedures and because the criteria used to relate component damage
to the various building damage parameters is, in large part, subjective.

6.1 Percentage of Building Damage

The percentage of building damage is a weighted percentage of building component damage.
After the damage to each component is calculated using the P-i diagrams and tbe methodology
discussed above, the percentage of building damage is calculated as follows. In the first step of this
process,thedamagelevelofeachcomponentindccimalform(e.g.,theU)%damagclcvelisconsidmd
as 0.3) is multiplied by the user defined component weighting factor. This product is the weighted
component damage level. A weighting factor is assigned to each building component by the user in
order to cause blast damage occuning  in major building components to influence the calculated
building damage parameters more than an qual level of damage to minor components. Any scheme
of assigning positive, non-zero weighting factors to building components which correctly influences
the calculated overall building damage in the user’s judgement is valid. A scheme which is commonly
used is to assign  a weighting factor of 1.0 to cladding components, a factor of 2.0 to stringer, girts
and other secondary beams which support cladding components, a factor of 3.0 to primary beams and
girders, and a factor of 4.0 to cohtmns.  Frames should have a weighting factor qual to the sum of
the weighting factors assigned to ah the columns and beams in the frame. Tbis is necessary so that
comparable building damage vahres will be calculated in the two rquired  analyses which consider
frame components responding to blast load as separate, laterally loaded beam and column components
and as a frame component For example, a single bay fnunc  comprised of two columns (with weighting
factors of 4) and a beam (with a weighting factor of 3) would have a weighting factor of Il.
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In the second step of the procedure used to calculate the percentage of building damage,  the
weighted damage levels of all components in the building are summed. Then, in the final step, the
percentage of building damage is calculated from the ratio of this sum divided by the corresponding
sum for the case of 100%  damage to all building components.

6.2 Building Replacement Factor

The blast damage to components can also be described in terms of the amount of required
component replacement in the building. This is done in the FACEDAP program with a replacement
factor which is assigned to each component based on the damage level calculated for the component.,
If the damage level is greater than a given level, the component is considered unrepairable and a
replacement factor of 1.0 is assigned to the component. Othenvise  the component is considered
repairable and a replacement factor of 0 is assigned. The building replacement factor is the weighted
average of the replacement factors of all the components in the building. This factor is determined
in an analogous manner as the percentage of buihiing  damage except that the repai&place  factor of
each component (equal to 0 or 1) is considered in the weighted averaging scheme rather than the
damage level of the component. A high  replacement factor (near 100%) indicates that almost all
building components reqtdre  replacement

Table 5 lists the  correlation between replacement and damage level which is used by the-
FACEDAP program to determine the replacement factor for the 24 component types. Note that the
R’s indicate. a repairable component (with a replacemen t factor of 0), while the U’s indicate 2
component requiring replacement (with a replacement factor of 1). The break points between repair
and replace for each component were based on economics concerns as well as the amount of damage
associated with each damage category I”. Higher damage levels were generally chosen as the  break
points for load bearing components because such components are more expensive to @ace. and are
therefore more likely to be repaired at the higher damage levels. Similarly, components such as steel
beams were designated as requiting rep1 acement  at the 30% damage level even though they might
ty-pically be repairable because they are considered relatively easy to replace. The subjective criteria
used to correlate component repairlrcplacement  with coqnent damage level were not based on or
intluenced  by the level of protection associated with each damage level in Section 4.1.

6.3 Percentage of Reusable Floor Space

In the original development of the methodology used in the FACRDAP  program to calculate
component and building blast damage, the percentage of building floor space reusable without repair
was calculated with a graphical procedure which summed the floor space not affected by components
with a calculated 100% damage level and then divided this floor space by the total floor space. This
ratio is the percentage of reusable floor space. A simplified approximation of this procedure is
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Table 5. Correlation Between Component Damage
and Assumed  Replacement

WC Beanls
R/C  One-Way Slabs

R/C Two-Way Slabs

lponent  Damage Level’
30% 60% 100%

R R R U

R R U U
R R U U

RKExteriorColumns(betuiing)  R R R U

R/C  Interior Columas  (buckling) R N/A N/A  U

WC  Frames R R R U

Prcstressed  Beams I R I U I U I U

Steel Beams R U I-u ,I u
Metal Stud Walls R U U V

Open WebSteel  Joists (chord ,~  R U U U
bending failure)

Comgated  Metal Deck R U U U

Steel Exterior Cohmns  (bending) R R U U

Steel Interior Columns (bucklinn) R N/A N/A U

Steel Frames I R I R I R I U

One-Way  Unreinforced Masonrv  1 R R U U

Two-Way Unreinforced Masonry R R U U

One-Way Reinforced Masonry R R U U

Two-Way Reinforced Masonry R R U U

Masorlly- R R U U

wood stud walls R R U U

Wood Roofs I R I R I U I U

Wood Beams R R U U

WoodBxteriorColumns(bending)  1 R I R I U I U

Wood In&or  Columns h&lir~d  1 R 1 N/A I N/A  I U I

‘Note: R = repairable, U = replace
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programmed in the FACEDAP program. The total number of components with 100% damage is
counted and divided by the total number of building components. This is subtracted from  100% to
determine the percentage of reusable floor space. The weighting factor is not considered in calculating
this  b&.iing damage parameter. This definition of building reusability is meant to apply to wartime
situations when only  very severe component damage is assumed to affect reusability. This is
considered the most approximate of the building damage parameters, and it really should be determined
using the original graphical procedure for accurate results.

6.4 Building Level of Protection

The building level of proteztion  is calcuhned  equal to the lowest level of protection provided
by any of the building components. This is a conservative approach which assumes that the personnel
or assets requiring protection are located right beside or near the building component with the largest
amount of blast damage. The component levels of protcetion  are determined directly from the
calculated component damage levels as discussed in Section 4.1. Tht  levels of protection used by
the U.S. Army Corps of Engineers to charackx  the level of protection provided to personnel and
equipment by a structural component subjected to blast loading are defmed  in Reference 13 as follows.

Low~lofP~&c~n-~unrcpairablcstrucnnalcomponcnts,ahighlcvclofdamagewithou~
collapse

_

Mdium Led of Prot&ion - repairable stmetmal  components. a aigmficant  degree of-
damage

High Lsvsl of Pmt&iun  - superficially  damaged

A fourth level is also considered as follows.

Collqs8  - collapse, or near collapse of the structure

This building level of protection should only he considered as one indicator of the amount
of personnel injury and equipment damage in a building which can be caused by the input explosive
threat Among other factors, these protection levels do not consider the injury/damage caused by
failed windows or doors and by building component accelerations during response to the blast loading.
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7.0 LIMITATIONS OF THE BLAST DAMAGE ASSESSMENT
METHODOLOGY IN THE FACEDAP PROGRAM

Most of the limitations of the BDAM code have been discussed in the preceding chapters.
However, they are summarized in this chapter for quick reference.

1)

2)

3 )

only component blast damage caused by flexural bending and buckling of
components is explicitly considered in the P-i diagrams used to predict component
blast damage. Damage caused by flexural  shear response, torsional response, and
by localized breaching or spalling is not predicted by the FACEDAP program. The
recommended minimum scaled standoff of 3.0 ft/lb’” between the explosive charge
and the closest building component is intended to prevent the use of the program in
situations where localized damage and highly nonuniform blast pressure distributions
can occur on the building components. The reduced damage which will occur when
a component responds in tension membrane or compression membrane response,
rather than only flexural response, is accounted for in several P-i diagrams. The
theoretical curves for damage occurring during flexural response have been shifted
to match blast damage data from components responding in tension or compression
membrane. The fact these curves have been “shiftecY, rather than theoretically
developed, means that they may not be  applicable for components with sectional
properties significantly different than those of the components in the test data which
are used to construct these P-i diagrams.

The simplified method used to calculate blast load on building components may be
nonconservative in two respects. First, component blast damage due to the negative
phase being “in-phase” with component response is not predicted. This is only a
possible concern for components with strengths (ultimate resistances) less than 2 psi.
The inclusion of damage from this type of loading is outside the scope of the “simple”
component damage prediction methods currently included in the FACEDAP
program. Secondly, blast load on building components facing the explosive charge
and oriented at angles of incidence (see Figure 2) between 45” and 75” with respect
to the blast wave is calculated assuming a fully side-on blast pressure. This can
underpredict the blast load by factors between 2 and 5.

No component beam-column response is considered in the FACEDAP methodology.
Neither the case of “short” columns (columns not affected by stability
considerations), where bending and axial stresses superimpose, nor the case of long
columns, where flexural deflections cause eccentricity in the axial load and therefore
additional bending moment, are considered. Consideration of the interaction between
axial and bending stresses in short steel and reinforced concrete columns during
dynamic response is addressed as it pertains to design in Reference 10. This reference
also advises that the dynamic response of “long” beam columns, where stability is a
criterion, can be considered for design purposes in the same manner it is considered
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for static design. The static analysis of long beam-cohunns  is described in Reference
26. The design of long steel and reinforced concrete beam-columns for static loading
is described in References 27 and 28.

4) The P-i diagrams in the FACEDAP procedure analyze each component as a separate,
independent single-degree-of-freedom dynamic (SDOF) system. Therefore, the
dynamic interaction which can occur between primary structural members and the
secondary members they support is not explicitly accounted for.

3 The building damage assessment procedure in the FACEDAP program has not been
compared against blast damage to buildings except for one case” where very little
information was available about the buildings damaged by blast. Therefore, the
cascading failure procedure and building damage summation procedures have not
been well validated against data. Also, the P-i diagrams which predict component
blast damage for a number of component types have not been compared against
measured blast damage.

8.0 RECOMMENDATIONS FOR FUTURE  WORK

Recommendations for future improvements to the FACRDAP procedure for calculating
approximate blast damage to buildings are itemized below. In general, the basic procedure is
considered to be well suited for quickly calculating blast damage to buildings. This is particularly
true because of the manner in which the FACEDAP preprocessor and postprocessor facilitate the
rather large task of inputting the material properties, geometry, and dependencies of all building
components loaded by the blast. However, the procedures used to determine the component and
buiIding  blast damage are limited by the  factors discussed in Chapter 7. Therefore, the  following
improvements to the FACRDAP program, and to the blast damage assessment procedure used by
the program, are proposed.

. . .pofcnlculared  Thecascading failure procedure and summation
procedures in the assessment method should be validated against data. Since these
procedures depend on rules to assign dependencies and weighting factors, this “validation”
process is actually envisioned as a process where dependency rules and weighting factors
are determined which cause the calculated building damage to match measured damage.
The need for validation also includes conducting a new literature search to find recent blast
damage data, and any previously overlooked data, to validate component P-i diagrams

better kd bv the &amk
pofanached Often secondary and primary building components form
a two or three degree-of-freedom dynamic system, where the dynamic response of the
components is affected by response of tlte  attached components. However, the P-i diagrams
in the FACRDAP blast damage assessment procedure analyze each component as a
separate, independent single-degree-of-freedom dynamic (SDOF) system A parameter
study is needed which calculates blast damage of typical primary and secondary building
components which respond as a two or three-degree-of-freedom dynamic system with an’
approach which considers this interdependence and then also calculates the damage of the
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same components separately using the SDOF approach in the FACEDAP program. This
approach can be used to provide guidance on program inputs for properties of components
which are affected by thedynamic response of attachedcomponents,particularly  theloaded
width and weight (or inertial resistance), so that the interactive nature of dynamic
component response can be accounted for better with the SDOF approach in the FACEDAP
program.

. . . .
OfP-I 

e and &r&l&  - P-i diagrams which explicitly consider the strain energy
absorbed in tension membrane and compression membrane response need to be formulated
so that component damage data from these types of response can be used to validate, or
modify, theoretical damage curves which consider this type of response. Also, P-i diagrams
must be formulated to consider shear and spalling type component damage before  the
building damage assessment procedure in the FACEDAP program can be extended to
include component damage occurring at close-in scaled standoffs (less than 3.0 Mb”).

. . . .C - Existing algorithms for calculating
blast load based on the magnitude of the angle of incidence of the component with respect
to the blast wave should be included in the FACEDAP program in place of the existing
method which only considers whether the angle of incidence is greater than or less than
45“. The simple existing criteria is a holdover from the original version of the blast damage
assessment procedure which was performed with hand calculations.

catepories  - Users of the FACEDAP program must be provided with a means of interpreting
or understanding the damage levels which are predicted by the program. This can be. done
best with a combined approach of a qualitative description of the component damage
categories and approximate quantitative criteria defining each damage criteria based on
component type. The initial damage descriptions in the blast damage assessment procedure
were primarily qualitative. More recently, some effort, which is shown in Table 2, has
been spent to provide approximate quantitative criteria defining the damage levels for each
component type. However, more work is required to defme the component damage
categories so that the qualitative and quantitative descriptions of component damage are
more compatible for all component types.

.4P arm - This would allow the user to
see the input building and component geometry and correct mistakes much more easily
than they can with the existing program, which relies on error messages. The calculated
damage could also be displayed graphically in the postprocessor by displaying the building
with its components colored in a manner which represents blast damage to each component

 - These include: 1)
the use of highlighted input cells on the preprocessor component property input screens to
show when default property calculation formulas have or have not been used to cakuhte

the existing input, 2) a flag to warn users when they have changed a “master” component
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but have not regenerated the components which are defined  based on the master component,
3) a single key to generate component dependencies in all waWroof  areas at one time, 4)
a flag to warn users when they have changed the component geometry but have not
regenerated the component dependencies, 5) an option which will allow the calculation of
the blast damage to a single suuctural  component without requiring the need to define
building wall/roof areas.

> - T h e  U . S .  A r m y  C o r p  o f  E n g i n e e r s ,
as well as other governmental agencies, are moving towards metrification. Currently, all
input into the FACEDAP code must be in specific English units as shown in Section 4.1.
It is recommended that the code should be modified to allow input in metric units and to
display output in metric units.
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